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ABSTRACT 
Bioimaging has become a significant tool for the visualization of biological events and the 
detection of numerous biomarkers. However, detection sensitivity is compromised by 
background signal from the biofluid which interferes with signals from the probes that usually 
emit in the visible region Alternative probes such as those that emit in the near-infrared (NIR) 
region are necessary to overcome these shortcomings. Lanthanide ions have demonstrated 
efficiency with sharp characteristic emission in the visible and (NIR) region. Emission however is 
mostly achieved by indirect sensitization process in which energy from the triplet state of a 
sensitizer is transferred to the excited states of lanthanide ion and thereby initiating emission in 
the NIR region when the lanthanide ion relaxes back to the ground state. 
Designing ligands that contain strongly absorbing chromophores that can conveniently be used 
to sensitize lanthanide ion in generating near-infrared emission at low energy has been a key 
requirement in  synthesis of efficient of lanthanide complexes. All antenna ligands synthesized in 
this study were BODIPY dye derivatized ligands. BODIPY dye has been a choice of ligand due its 
excellent photophysical properties such as high extinction coefficient, narrow absorption and 
emission bands, high quantum yield and low photobleaching effect. 
Three major antenna ligands were synthesized for sensitization of the lanthanide ion. The first 
antenna ligand [iodinated BODIPY dye benzoic acid (AH9)] was employed in synthesis of 
ytterbium complex in the presence and absence of auxiliary ligand [1,10-phenanthroline]. The 
reaction mixture obtained from AH9 with auxiliary ligand was difficult to be post-treated by 
column chromatography purification due to insolubi lity of the reaction mixture in many non­
polar solvents. Reaction of 3 moles of AH9 with ytterbium triflate in absence of auxiliary ligand 
gave a reaction mixture that could be treated only in polar solvents. Fractions obtained from 
column chromatography had very weak NIR emission between 900-llOOm. The insolubility of 
the reaction mixtures of the lanthanide complexes of AH9 in many non-polar solvents required 
further extensive study which will be considered a future work of this research. 
The second antenna ligand 2,9-Phenanthroline BODIPY dye was originally synthesized with the 
aim of employing the N-atoms of the phenanthroline ring in binding to the lanthanide ion center. 
ix 
The substitution of the 2,4-dimethylpyrrole moieties on C2 and C 9 of the phenanthroline ring 
was to design organic chromophore with not only high absorption coefficient but also an organic 
chromophore capable of eliminating influence of solvent molecule interaction with the metal ion 
center. However, 2,9-phenanthroline BODIPY dyes was observed to have a significant low 
fluorescence emission a phenomenon which contrasts with the class of 4,4-Difluoro-4-bora-
3a,4a-diaza-s-indacene family (BODIPY dyes). To fully understand the underlying reasons causing 
the low fluorescence emission of 2,9-phenanthroline BODIPY dye, 2-quinoline BODIPY dye, 3-
quinoline BODIPY dye and 4-quinoline BODIPY dye was synthesized and their photophysical 
properties alongside that of 2,9-phenanthroline BODIPY dye was reported. Quantum yield 
determination of the four quinoline BODI PY dyes showed that 2,9-phenanthroline BODI PY and 2-
quinoline BODI PY dye had the lowest quantum yield. The distance of the boron on the BODI PY 
core to the nitrogen atom on the quinoline ring for all the four dyes established a relationship (B­
N distance) that was found to be directly proportional to the fluorescence quantum yield result. 
It was further established based on the photo-induced electron transfer mechanism that the 
fluorescence quenching was because of electron transfer from the HOMO energy level of the 
quinoline ring to the HOMO energy level of the BODI PY core. 
The third antenna ligand synthesized was 4-amino benzene styryl di-iodinated BODIPY dye 
(AHll). The ligand had a broad absorption with maximum absorption at 645 nm, high molar 
extinction coefficient of 1.36 x 105 M-1 cm-1 and wavelength of maximum emission to be 681 nm. 
Future work on this research will focus on reaction of AHll with 4-thiocyano-1,10-
phenanthroline to make ligand AH12 which will be deployed for reactions with different 
lanthanide salts to make lanthanide complexes with excellent NIR emission yield. 
x 
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There is an unending search for biologically active probes that can exhibit as an excellent 
biomarker for early diagnosis of tumors in human cells.1 lmmunoassays and bioassay have 
experienced a tremendous boost in human cell diagnosis by application of fluorescent 
materials.2 Nonetheless, the efficiency of many biological probes {fluorescent materials) in 
biological assays have been impaired as a result of the interference between their fluorescence 
intensity and background signals.3 I n  the same vein, many of these probes degrade biological 
substrates due to UV-light excitation. In respect to this, alternative probes that can emit at 
higher wavelength {near infra-red region) with low energy is required for optimum 
immunoassays. 
Some organic fluorophores such as indocyanines with emission band at 790-830 nm have been 
deployed for biological imaging due to their excellent solubility and good quantum yield.4 
Application of organic fluorophores for biological imaging has been attributed with some short 
comings which has reduced their application for NIR emission, one of this is photobleaching. 
This causes a limitation in the fluence rate that can be applied to the sample and detection 
sensitivity. The rapid photobleaching of organic fluorophores prevents long and repeated 
exposure of biological cell to light there by reducing the efficiency of the bio- imaging process. 
Inorganic fluorescent semi-conductors such as quantum Dots have been a good substitute for 
replacement of organic fluorophores for bioimaging.5 For in vivo-imaging they are coated with 
aqueous-compatible organic layer. The versatility in their applications for bio-imaging is due to 
their excellent photophysical properties and good resistance to photobleaching. Quantum Dots 
also possess some specific limitations which makes their application for bio-imaging to be 
impaired. They are known to have large particle size when compared to organic fluorophores 
and biological cells. This constraint in their size makes it difficult for them to be used for cellular 
imaging. In addition, quantum Dots are made up of toxic elements such as Selenium and 
Tellurium which makes them unfit for in vivo imaging.6 The draw backs of Inorganic 
1 
fluorophores ( such as Quantum Dots) and Organic fluorophores initiated the desire for a NIR 
emitting agents that can be best used for bio-imaging. 
Probes that emit at near infrared region has been considered of better preference for bio­
imaging because at NIR region; tissue cells have low absorption, there is limited scattering of 
light which enhances the resolution of images and finally biological substrates rarely have 
fluorescence in NIR range there by preventing the occurrence of autoflourescence.2 
1.2 General Properties of Lanthanide ions 
Lanthanide ions have been identified as alternative probes in biological imaging. They are 15 
elements located in the first row of f-block in  the periodic Table with an electronic 
configuration of [Xe] 4f" 5d0-1 6s2 (n=0-14). They normally exist as stable trivalent oxidation 
states (Ln3+). The only exceptions are Ce4+, Eu2+, Sm2+, Yb2+ and Tb4+ due to the presence of an 
empty, half-full or full 4f shell. The 4f orbitals are well shielded by the xenon core, transforming 
the valence 4f orbitals into "inner orbitals". This phenomenon is the key to the chemical and 
spectroscopic properties of lanthanide metal ions. An important feature of the lanthanide ions 
is their photoluminescence. Several lanthanide ions show luminescence in the visible or near­
infrared spectral regions upon irradiation with ultraviolet radiation. For instance, Sm3+ emits 
orange light, Eu3+ red light, Tb3+ green light and Tm3+ blue light, Nd3+, Er3+ and Yb3+ are well­
known for their near-infrared luminescence, but other lanthanide ions (Pr3+, Sm3+, Dy3+, Ho3+ 
and Tm3+) also show transitions in the near-infrared region. The emitting lanthanide ions are 
characterized by high color purity and this property makes them important for several 
applications in different fields which include: for biological assays7 and as contrast agents for 
magnetic resonance imaging.8 
Ionic radii of the elements in the lanthanide series decreases from atomic number 58 [cerium], 
to 71 (lutetium], which results in smaller than otherwise expected ionic radii for the subsequent 
elements. This phenomenon is termed as lanthanide contractions and its occurrence is due to 
the poor shielding of nuclear charge by 4f electrons. The Gs electrons are drawn towards the 
nucleus, thereby resulting in a smaller atomic radius.9 
2 
Trivalent lanthanide ions are hard Lewis acids and a binding preference is observed among the 
commonly used donor atoms (0 > N > S). The nature of bonding in their complexes is 
electrostatic. As a result, steric factors determine the coordination geometry of lanthanide 
complexes. Water molecules and hydroxide ions are particularly strong ligands for Ln3+; 
therefore, in aqueous solution only ligands with donor groups containing negatively charged 
anions such as carboxylate, sulfonate and phosphonate will effectively bind to the lanthanide 
ions. The trivalent lanthanide ions (Ln3+) share number of common coordination properties and 
exhibits coordination numbers from 6 to 12 with eight and nine being most common. 
Transitions between the 4f shells of lanthanide ions are forbidden because they do not 
correspond to a change of parity which leads to their very low molar absorption coefficients (E 
< 1M-1cm·1 ), 1° It was reported that direct excitation of lanthanide ions requires a strong 
coherent light source, such as a laser.10 However, lanthanide ions can be effectively excited 
through sensitization by chromophores in the lanthanide complexes (antenna effect). The 
chromophores, upon excitation with the UV or the visible light, can transfer energy to the 
lanthanide ions through their excited states (triplet (T) or singlet (S)), leading to characteristic 
emission (in NIR region when Nd3+, Er3+ or Yb3+ are used). This energy transfer process 
eliminates the requirement of a coherent and intense light source in direct excitation of the 
lanthanide ion. This makes the antenna effect mechanism of energy transfer process more 
attractive for biomedical application when considering the photobleaching effect of bio­
substrates which are often caused by intense light source. 
1.3 Lanthanides in Biological Analysis 
The first sophisticated biological application of lanthanide ion luminescence was that of Eu3+ 
complexes in time-resolved fluoroimmunoassays.11 The basic requirement for any 
immunoassay is that it must be possible to label the antibody or an antigen with a tag that can 
be readily detected under the conditions of the analysis. In the case of luminescent tags, the 
metal ion must be bound strongly by a multidentate ligand to prevent its loss by coordination 
to the variety of other ligands present (aqueous) in the biological media and the ligand itself 
must be such as to promote the most intense luminescence possible from the metal ion.11•12 An 
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advantage of lanthanide ions as luminescent tags is their relatively long excited state lifetimes, 
enabling time gating to be used to eliminate the effects of short-lived background biological 
luminescence, although these lifetimes can be shortened by the presence of aqua ligands. 
Hence, the denticity of the binding ligand should be such as to exclude the availability of a site 
for water. A further requirement of the ligand is that it should incorporate a strongly absorbing 
chromophore which can act as an "antenna" to transfer excitation to the otherwise very weakly 
absorbing lanthanide ions. I n  addition, the ligand should be functionalized in a way that it can 
be attached to proteins (antibodies) and antigens. 
1.4 Lanthanide ion Sensitization by Chromophores 
Luminescence of lanthanide ions are often generated via their coordination with ligand (s). 
Often time, the ligand consists of a light-absorbing group in the form of an organic 
chromophore. Such group are generally referred to as the "antenna" chromophore.13 The 
energy absorbed by the antenna can be transferred to the enclosed lanthanide ion which 
sensitizes its luminescence. This process is called the "antenna effect". Figure 1 .1  below shows 
a scheme representing the photosensitization process. 
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Figure 1.1 Photosensitization Mechanism (Antenna Effect )and the proposed energy transfer diagram 
showing for the sensitization process in BODIPY-Ln (Ill) cored complexes: So : ground state, S1 : excited 
state T :  triplet state, Ln3•: lanthanide excited state, FL : fluorescence, PL : phosphorescence, ET : energy 
transfer.14 
An explicit analysis of the antenna effect and partial energy diagrams for the lanthanide aquo 
ions is represented in Figure 1.2 below.1s Under illumination, the antenna/ligand is excited to 
its singlet state 51, then sensitization from the ligand chromophores to the lanthanide ions via 
the triplet state of the chromophore (T 1) and an intermediate intersystem crossing (ISC) (from 
ligand (S1-T1) and an energy transfer (ET) from (T1-Ln*).10 The emission intensity (I) of the 
lanthanide ion can be expressed in a simplified form as seen in Equation (1) below. 
I = c<l>tot (1) 
Where "E" is the molar extinction coefficient of the system and <l>tot is the quantum yield.16 The 
coefficient "E" mainly depends on molar absorptivity of the So-51 transition of the 
chromophores. The overall quantum yield <I> tot is defined as the ratio of the number of photons 
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emitted by the Ln3+ cations to the number of photons absorbed by the chromophores.17 <l>tot 
estimates the overall efficiency of the process and it is solely dependent on: the rate of 
transfers between the initially excited state (S1), triplet states (T 1) and the Ln3+ levels. Equation 
2 below shows the relationship between the quantum yield of these critical states and the 
overall quantum yield (<!>tot) of the system. 
cf>tot = c/>rsccf>Er¢Ln (2) 
The sensitization efficiency (1Jsen) of the chromophores can also be determined based on the 
equation below. 
1Jsen = c/>1sccf>Er (3) 
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Figure 1.2 The simplified jablonski diagram for NIR emission of lanthanide ions and the corresponding 
partial energy diagram for NIR emitting Ln aqua ions. ISC: intersystem-crossing; ET: energy transfer; Ln3+: 
ground state of lanthanide ion; Ln3+*: excited state of lanthanide; So: ground state of sensitizer; S1: 
excited singlet state of sensitizer; T1: triplet state of sensitizer.15 
1.5 Dexter and Forster Energy Transfer Mechanism 
The ligand-to-metal energy transfer can be described based on two theoretical models 
considering different dipolar-multipolar donor (ligand)-acceptor (Ln111) interactions. The 
exchange mechanism or Dexter mechanism of transfer, 18 is an electron exchange process 
implying an overlap between the ligand and the metal orbitals. On the other hand, the Forster 
6 
mechanism of transfer, 19 is a coulombic interaction through space involving a coupling between 
the dipole moments associated with the Tl state and the 4f orbitals, strongly dependent on the 
spectral overlap between the emission spectrum of the donor and the absorption spectrum of 
the acceptor. In the Dexter mechanism, the spectral overlap is independent of the oscillator 
strength of the transitions. 
Both mechanisms are distance (r)-dependent but in the case of the Dexter mechanism this 
dependence is exponential while in the Forster mechanism it is proportional to 1/r6• For this 
reason, the Dexter energy transfer is a short-range mechanism, whereas Forster energy transfer 
occurs over longer distances.20•21 
Accepting levels of the lanthanide ions are also selected according to the following selection 
rules: 
• LlJ = 0, ±1 (J = J' =O excluded) for a Dexter mechanism; 
• LlJ = ±2, ±4, ±6 for a Forster mechanism; 
Where LlJ is referred to as transition from the lanthanide ground state. 
In general, the sensitization of the lanthanide ion seems to occur from the ligand triplet state 
via a Dexter mechanism22 although, in  some cases, energy transfer from singlet states cannot 
be ruled out. 23 For efficient energy transfer to the lanthanide ion, the triplet states of the ligand 
must be closely matched to or slightly above the metal ion's emitting resonance levels even 
though this is a complex process involving numerous rate constants.24 
Another important phenomenon for sensitization of lanthanide ions is the energy back transfer 
occurring from the excited lanthanide ion to the sensitizer. This happens in cases where the 
donating sensitizer level is too close to the accepting lanthanide ion level, which makes 
thermally activated energy back transfer possible. An energy gap of at least 1000-2000 cm·1 is 
therefore necessary to completely prevent energy back transfer.24 
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1.6 Overview of Lanthanide Complexes 
Several lanthanide complexes have been reported with optimal near infra-red emission and 
have been deployed for biological imaging. However, some other lanthanide complexes 
previously designed could not be employed as biological probes due to their poor NIR emission. 
Review of the lanthanide complexes below gives a clear understanding of critical parameters 
that should be considered when designing a lanthanide complex. These critical parameters 
include but are not limited to; 
• Increasing the number of co-ordination sites of Ln3+ ion 
• Broadening the absorption of sensitizing ligand 
• Reducing the C-H oscillators of sensitizing ligand 
A proper understanding of addressing these critical parameters is going to aid the design of an 
efficient antenna ligand that can effectively sensitize the Ln3+ ion giving rise to a biological 
probe with excellent quantum yield NIR emission. 
Porphyrin, pyridine, hydroxy-quinoline and BODIPY dyes lanthanide complexes discussed below 
illustrate different arrays of lanthanide complexes in which the critical parameters were 
considered in their design and some in which the critical parameters were not considered in 
their design. An overview of the literature discussed below shows that al l  the lanthanide 
complexes with good NIR emission had increased number of co-ordination sites of Ln3+ ions, 
broad absorption of sensitizing ligand and minimization of non-radiative deactivation pathways 
by reduction of C-H oscillators. Understanding the pathway to the modification/derivatization 
of these antenna ligand will help establish fundamental concepts that will aid the design of an 
excellent organic antenna ligand. 
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1.6.1 Porphyrin Complexes 
Porphyrin have attracted significant interest in the field of biological imaging because its excited 
state is good for sensitization of NIR emission of Ln3+ ions.25 Due to its suitability for 
sensitization of NIR emission of Ln3+ ions, several porphyrinate lanthanide complexes have 
been reported.26,27 
Porphyrinate lanthanide complexes are generally synthesized by first coordinating the four 
pyrrolic N-atoms to lanthanide ion of choice, this is actually achieved at a very high 
temperature.28 The remaining coordination sites on the lanthanide ion can be occupied by 
bidentate, tridentate ligands or solvent molecules.29 He and co-workers synthesized two �­
diketonate monoporphyrinate Yb3+ complexes.30 The crystal structure obtained for the product 
showed that the Yb3+ is seven-coordinated with one solvent molecule binding to the Yb3+ 
center. It was deduced from their study that the complex had NIR emission with a shorter 
lifetime (2.4 µs). However, when the reaction conditions were changed (increasing temperature 
of reaction) the complex had a higher coordination number for the Ln3+ at the center which 
ultimately improved the lifetime of NIR emission. 
Wong and co-workers31 reported porphyrinate lanthanide complexes which were modified by 
conjugating them to BODIPY units. Series of tripodal ligand-caped porphyrinate ytterbium {Il l} 
complexes 1 that exhibited two distinct absorption which are (-430 nm) from porphyrin and 
(-527 nm) from BODIPY. NIR emission at 1030 nm was observed when the complexes were 
excited at 527 nm with a quantum yield about 0.73% for 2. The ytterbium (Il l) complexes of 
porphyrin-BODIPY conjugates exhibited an excellent NIR emission when excited at 800 nm due 
to a two-photon absorption process as confirmed by power-dependent experiments. This 
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Figure 1.3 Porphyrin derivatized lanthanide complexes.32 
2 
Ke and co-workers also prepared �-pyrrolic-modified porphyrins called porphyrinate. In this 
complex, the pyrrole moiety in the porphyrin ring is being replaced by an oxazolone group. The 
porphyrinate has quite similar absorption spectrum compared to that of porphyrins. However, 
their lanthanide complexes showed over 80% increase in  emission efficiency.33 In their 
complexes, the fluorescence from ligand was reduced by 99% which signifies a rapid inter­
system crossing and high yield of triplet state. In addition, the oxazolone moiety in 3 reduces 
the strength of C-H oscillator and lowers the ligand Ti state. This results in a narrow energy gap 
between the T 1 state and the lowest excited state of Yb3• as shown in Figure 1.4. Complex 3 was 
reported to have a narrower energy gap between the porphyrinate T 1 state and the lowest 
excited states of Yb3• than complex 4. It was established that the probability of intramolecular 
energy transfer between two electronic states is inversely proportional to their difference in 
energy,32 so this indicates a more efficient energy transfer from la to Yb3•. The measured 
quantum yield <f>tot for the porphyrinate complex 3 (3.3%) is higher than that of the 
corresponding porphyrin complex 4 (2.2%), the results obtained are also consistent with the 
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Figure 1.4 Porphyrinate Yb3• complex (A) Porphyrin Yb3• complex (B) and scheme A represents a 
comparison of their triplet states and energy-transfer.32 
1.6.3 Pyridine Complexes 
Bipyridine and terpyridines are the most studied N-heterocyclic chromophores for transition 
metal and lanthanide ion complexes based on their excellent coordination properties.34 
1.6.3.1 Complexes of bipyridine 
Bipyridine derivatives are mostly used as auxil iary ligands in lanthanide complexes for more 
efficient NIR emission. Several lanthanide complexes of 2,2' -bipyridine have been investigated, 
however current studies have made more emphasis on modification of pyridine back bone 
structure by introducing coordinating atoms to its position 3 or 4. Butler and coworkers 
11 
synthesized rigid tetradentate ligand 4,4' ,6,6' -tetracarboxy-2,2' -bipyridine with the aim of 
using it in making lanthanide ion complex 5 as seen in Figure 1.5.35 The sodium salt of the ligand 
when reacted with different lanthanide ions yielded a family of isostructural supramolecular 
complexes. The crystal structures of the complexes showed that the metal centers were 
surrounded by four water molecules. The photophysical properties in water was studied and 
the authors reported the following NIR emission for Nd3+ (900, 1053 and 1323nm) in a pD 7.5 
buffered 020 solution. Similarly, they also reported the following deactivation states of F3/2 
41J (J = 9/2, 11/2, 13/2, 15/2). 
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Figure 1.5 Lanthanide complex of rigid tetradentate ligand 4,4',6,6' -tetracarboxy-2,2' -bipyridine (H4L).35 
Bourdolle used a diethylaminostyryl-2,2-bipyridine ligand to synthesize complex 6 in Figure 1.6 
{Ln=Yb3+, Nd3+, Er3+). 36 Photophysical studies showed that the ligand had a broad, intense 
absorption and emission bands assigned to an intramolecular charge-transfer from the diethyl 
amino donor to the pyridine acceptor moieties. After the coordination to the lanthanide ions; 
{Yb3+, Nd3+ and Er3+), a significant quenching of the ligand-centered emission and a 
characteristic NIR emission at: 979 {Yb3+ 2 Fs;2 � 2F1;2), 897, 1062 and 1336 {Nd3+ 2F3;2 � 419;2, 
4F3;2 � 411112 and F3/2 � 411112 and 4F3;2 � 4113;2) and 1531 nm {Er3+ 4113/2 � 4hs12). 
Bipyridine ligands have also been developed for heterometallic d-f complexes to use the strong 
absorption of light by transitions of d-block fragments {Ru2+, Os2+, Re+ or Pt2+) for sensitized NIR 
emission of lanthanide ions. 
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Lazarides and coworkers reported two series of complexes 7 and 8 of aza-18-crown-6 
macrocycle ligand binding group bearing a [M(bipy)3]
2+ (M = Ru2+, Os2+) unit.37 The [Ru(bipy)3]2+ 
is used in  sensitizing the Ln3+ for NIR emissions. The [Ru(bipy)3]2+ showed a metal to ligand 
charge transfer absorption maximum at 452 nm, with emission maximum at 637 nm (T = 170 
ns) whereas [Os(bipy)3] L  showed absorp�ions at 442-480 nm and weak emission maximum at 
744 nm (T = 38 ns). As compared to heterodinuclear complexes, energy transfer can occur from 
transition metal to the Ln3+ center. On the other hand, energy transfer rates are quite different 
in the Ru-Ln and Os-ln complexes. In Ru-ln complexes, energy transfer for Ru2+ unit to Nd3+ has 
a rate of 6.8 x 106 J.s-1 and no data was reported for Yb3+. However, for Os-ln complex, the 
energy transfer was reported to be much faster with rate constants 2.6 x 107 J.s-1 for Yb3+ and 













Figure 1.6 Structure of lanthanide complexes of other bipyridine derivatives. 36 
Xu and coworkers studied a series of Pt-Ln complex 9, bridging two metal centers. They 
observed that by designing a Ptln2 heteronuclear arrays with alterable intramolecular Pt ... Ln 
separations through modification of the spacing length between 2,2'-bipyridyl/2,2':6'2"­
terpyridyl and acetylide, the rate of Pt � Ln energy transfer is tunable as shown in Figure 1.7.38 
Upon excitation between 350 nm and 550 nm, NIR luminescence from lanthanide ions is 
observed and this emission is attributed to the effective Pt � Ln energy transfer from the 
excited state 3[d(Pt) � n* (tBu2 bpy)] of the Pt((!Bu2 bpy) bis (acetylide) antenna. It was 
observed that the rate and efficiency of Pt-Ln energy transfer can be controlled and modulated 
by changing the linker between acetylide and 2,2'-bipyridyl/2,2':6',2"-terpyridyl in the bridging 
ligands. The energy transfer rate from the Pt center to the lanthanide ion became much slower 
14 
when the intramolecular distances approached 15 A. This change is consistent with 





Figure 1. 7 Modulation of Pt � Ln energy transfer efficiency in Ptln2 complexes 9 from Pt(2,2' - tsu2 
bpy)bis(acetylide) antenna to the LBG by changing the linker between acetylide and 2,2' -
bipyridyl/2,2' :6'2" -terpyridyl. 38 
1.6.3.2 Terpyridine derivatives 
Tridentate N-donor 2.2':6',2"-terpyridine (terpy) showed more stronger binding affinity for 
Ln3•ions and in the same vein acts as an excellent antenna for lanthanide luminescence as 
compared to bidentate N-donors 2,2'-bipyridine and 1,10-phenanthroline.34 
A ligand with a 2,2':5', 4" -terpyridine unit substituted in the 2", 6" positions with 
iminodiacetate arms was been reported as seen in complex 10.39 Two components were tightly 
15 
connected via a covalent bond with a 2,2' -bipyridine unit for Ru2+ coordination and a pyridine­
bis(iminodiacetate} core for Ln3• coordination.40 The result of the photo physical studies of 
complex 10 with Ln = Nd3+ or Yb3+ showed that the Ru2• center acts an effective sensitizer for 
Ln3• ·based luminescence in the NIR region. The Nd3+ species was reported to be the most 
effective at quenching the luminescence of the Ru center. The emission spectra (472 nm} of 
complex 10 (Ln = Nd3+ and Ln = Yb3•) showed that emission intensity of Ru state is quenched by 
90% for Ln = Nd3+ and 65% for Ln = Yb3•. This is indicative of effective energy transfer between 
the Ru2• chromophore to the Nd3+ and Yb3+ moieties in the complex. 
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Figure 1.8 Formation of the complexes 10 (Ln = Yb3+) and the changes of fluorescence spectra during 
titration of ligand by Ln3+ ion Tris buffer (SO Mm, pH7.4).39 
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1.6.4 Hydroxyquinoline Complexes 
Quinolinate-based ligands have been getting increased attention towards trivalent lanthanide 
ions.41 8-hydroxyquinolate-based lanthanide podates have been identified as potential 
candidates for the design of NIR-emitting luminescent tags for biomedical application because 
of their good stability, low cytotoxicity, sizable luminescence quantum yields in water and 
ability to interact with proteins.42 Some studies have reported the combination of 8-
hydroxyquinoline chromophore with additional anionic binding group (carboxylate or tetrazole) 
to yield luminescent tri-anionic complexes. These complexes showed significant increase in 
solubility and stability towards ligand dissociation with respect to neutral compounds, providing 
a robust system that renders potential applications in biological assays. Bozoklu et al43 reported 
some of these complexes which are 2-(lH-tetrazol-5-yl quinoline-8-ol (8-hydroxyquinoline-2-
tetrazole) (H2hqt) and 8-hydroxyquinoline-2-carboxylic acid (H2hqa). In H2hqt a tetrazole was 
used as a linker to carbon -2 position of a 8-hydroxylquinoline where as in H2hqa a carboxylic 
acid was used. Nonetheless, in both cases the ligands will acts as di-anionic tridentate O,N,N­
and O,N,0-chelates forming tris-chelate, tris-anionic complexes 11 and 12 in water at pH =12 as 
shown in Figure 1.9 below.43 The authors studied the photphysical properties of Er3+, Yb3+ and 
Nd3+ for the complexes in solid state and methanol. They observed three emission bands for 
Nd3+ (880, 1060 and 1330 nm and assigned them to 4F3/2 � 41912, 4F312 � 411112 and 4F3/2 � 4'312 
transitions, respectively). The single band centered on 980nm observed for Yb3+ (2Fs12 � 2F712) 
and Er3+ complexes are characterized by 1530 nm (4'13/2 � 41is12). Quantum yields for complex 
11 are 0.06% when (Ln= Nd3+) and 0.18% when (Ln = Yb3+) in their solid states and are 0.063% 
when (Ln= Nd3+) and 0.28% when {Ln = Yb3+) in methanol. However, when {Ln= Er3+) quantum 
yield was observed to be much smaller {0.0019%) in methanol as compared to (0.0051%) 
obtained in solid state. All the values reported for quantum yield for hqt complexes are 5-17% 
higher (0.068%, 0.31% and 0.0059% in methanol) than those measured for the hqa complexes 
which is consistent with the general trend observed for the lifetimes (0.367 µs, 5.15 µs and 
0.471 µs in methanol). 
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Figure 1.9: Structures of lanthanide complexes of hydroxyquinoline derivatives.43 
1. 7 Background on BODI PY Dyes 
Boron dipyrromethene {4,4-diflouro-4-bora-3a,4a-diaza-s-indacene) commonly referred to as 
BODIPY dyes was first discovered in 1968 by Treibs and Kreuzer.44 They are fluorescent 
compounds with exceptional optical properties as compared to pre-existing fluorophores such 
as rhodamines and fluorescein.45 BODIPY dyes are known to absorb strongly in the visible 
region, have sharp emission peaks, high fluorescence quantum yields and high molar 
absorption coefficients. Beyond all of these aforementioned features they have been reported 
to have fluorescence lifetimes in nanoseconds44 and known to be highly soluble in most organic 
solvents and insensitive to polarity and pH.44•46•47 
1.7.1 Features of BODIPY Dyes 
They are group of dyes that are synthesized from the complexation of dipyromethene ligand 
with boron trifluoride in the presence of tertiary amines. The boron trifluoride unit on the 
structure initiates a rigid tricyclic system which does not enable cis/trans isomerization of the 
dipyrromethene. The resultant effect of this is the presence of conjugated n-electrons in the 
carbon-nitrogen backbone which gives rise to the high fluorescence quantum yields of the 
BODIPY dyes.48 
The IUPAC numbering system for BODIPY dyes is quite different from dipyromethenes.44 This 
could however seem confusing knowing well that the BODIPY core was made from the 
18 
dipyromethene. Nonetheless, a- (3 & 5), �- (1, 2, 6, 7) and meso- (8) positions are just the same 




Figure 1.10 Naming and numbering system based on s-indacene.44 
1. 7 .2 Fundamental Properties of BODI PY dyes 
The presence of any functionality on the aromatic core of the BODIPY structure can influence 
significantly its photophysical property. The BODIPY core can be modified to exhibit a preferred 
photopysical property by substituting the a- (3 & 5), �- (1,2,6, 7) and meso-( 8) positions The 
properties of the BODI PY core can vary largely based on the symmetry of the substitiuents44 as 
seen in Figure 1.11 below. Symmetrical BODIPY labeled as compound 13, showed more red­
shifted absorptions as compared to its asymmetrical counterparts 14. In the same vein, higher 
degree of substitution of the BODIPY core does not ascertain an enhanced red-shifted 
absorption. Compounds 16 has a phenyl group on its meso-position with equal substituent's as 
compound 15 yet compound 15 showed more red-shifted absorption. In comparison of 
compound 16 and compound 17, it can be seen that the quantum yield of 17 is far less than 
that of 16. 
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N N :::::,,-_ "a/ 
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13 
EtOH, + 0.81 
I.max abs 507 nm 
I.max emiss 520 nm 
MeOH, + o.65 
I.max abs 498 nm 
I.max emiss 508 nm 
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EtOH, + 0.70 
I.max abs 499 run 
I.max emiss 509 nm 
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EtOH, + 0.80 
A.max abs 505 nm 
A.max emiss 516 nm 
MeOH, + 0.19 
I.max abs 508 run 
I.max emiss 52lnm 
Figure 1.11 The effect of substituents on the photo-physical property of basic BODI PY dyes.44 
The varying photophysical attributes of the BODIPY dyes discussed above is largely due to steric 
and electronic interactions of the substituents on the BODI PY structure. Modification of BODI PY 
dyes must be systematically done to achieve an enhanced absorptive and emissive property 
1. 7 .3 Modification of BODI PY Dyes for Enhanced Photophysical Properties. 
Several literatures have proven that the meso-position of BODIPY dyes does not pose any 
significant effect on the absorptive and emissive properties of the BODIPY dyes.44 Sequel to 
this, the meso-position of BODIPY dyes is a strategic position for modification and adapting the 
dyes for different purposes either as pH probes,49 metal chelators50 or sensors.50 
On the other hand, the a-position of the BODIPY core is good target positions for substitution 
that can initiate a higher bathochromic shift. According to the Figure 1.12 below, compound 18 
20 
and 19 have significant higher fluorescence quantum yield as compared to 20, 21, 22 and 23. 
Nonetheless, the latter compounds showed a higher red-shifted absorption as compared to 18 
and 19 because of extended n-conjugation at a-positions. Compound 21 showed higher 
absorptive and emissive properties than 23 because of the para-substituted position of the 
electron donating group as compared to 23 which has its substituent on an ortho-position. 
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Meo 
CHC13, + 0.64 
).max abs 500 run 
).max emiss 510 run 
CHCl3, + 0.42 
A.max abs 582 nm 
A.max emiss 626 run 
Et 
19 
CHCl3, + 0.78 
).max abs S24 run 
).max emiss S37 run 
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CHCl3, + 0.08 
).max abs 545 run 
A.max emiss 598 run 
Et 
CHCl3, + 0.20 
).max abs 555 run 
).max emiss 588 run 
CHC13, + 0.38 
A.max abs S42 nm 
A.max emiss 607 nm 
Figure 1.12 Varying photophysical properties of phenyl substituted BODIPY dyes.44 
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Overall the 1, 7-substituent which we can see in compound 18 and19 above was primarily 
responsible for their enhanced quantum yield which was reported to be otherwise for 
compounds 20, 21, 22 and 23. This is true because the presence of 1, 7-substitutents in 18 and 
19is preventing the free rotation of the phenyl groups there by reducing loss of energy from the 
excited states through non-irradiative molecular motions.44 
1. 7 .4 BODI PY Dyes Fluorescence Quenching Mechanism via Photoinduced Electron Transfer 
The transfer of electrons between nonplanar parts of fluorescent molecules modifies their 
fluorescence intensities.51 Some nonplanar fluorescent molecules can be regarded as highly 
fluorescent group with non -fluorescent substituent as seen in Figure 1.13 below. Some of 
these substituents depending on their oxidation potentials relative to the excited-state of the 
BODIPY core can act as electron donors or acceptors. 
1. No Electronic perturbation 
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Figure 1.13 Schematic representation of the meso-substituent that provides no significant electronic 
perturbation.44 
Case 1- Electron Transfer from Substituent to the BODI PY core 
If electron transfer occurs, then the fluorescence is diminished when the fluorescent group in 
its excited state is reduced. In this case, the fluorescent group is acting as an acceptor. This 
phenomena is termed reductive-Pel or a-PeT("a" for acceptor).44 Figure 1.14 below represent 
an ideal reductive-Per process. 
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Figure 1.14: Schematic representation of the reductive-Pel process.44 
Case 2- Electron Transfer from BODI PY core to the Substituent 
subst 
On the other hand, if the energy states are such that the excited-state of the fluorescent group 
can donate electrons to the substituent LUMO, then it is considered an oxidative-Pel or d-PeT, 
("d" for donor).44 Figure 1. 15 below represent an ideal oxidative-Per process. 
3. d-PeT (oxidative PeT) 
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Figure 1.15 Schematic representation of the oxidative-Pel process.44 
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The above phenomena are dependent on solvent polarity because photoexcitation and 
oxidation processes involve modification of ground state dipoles and solvents may stabilize or 
destabilize these changes according to polarity. Fluorescence quenching effects in BODI PY dyes 
via reductive and oxidative PeT process are reported below. 
Nagano et al44 also reported low fluorescence in a diamino BOOIPY, upon treatment with nitric 
oxide, a benzotraizole was formed and the fluorescence was turned on. The on/off fluorescence 
emission was attributed to reductive PeT. Nagano et al44 further elaborated on the effect of 
the "R-substituent" on position 2 and 6 of the BODI PY dye. Fluorescence emission for R = Et, H, 
C02Et was evaluated and it was reported that fluorescence was greatest for R = Et and least for 
C02Et. This phenomenon was attributed to the reduction potential of the "R" substituent which 
was most negative for C02Et which invariably impacted on the reduction potential of the 
BODI PY core there by evolving in a compound with low fluorescence emission.52 
NaN02/HCI 
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Figure 1.16 Schematic representation of diamino BODI PY dyes on/off fluorescence emission.44 
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Ueno, T et al44 also reported nitro benzene on meso position of the BODI PY core. The presence 
of the strong electron withdrawing substituents on the aromatic meso-substituent's lowered 
the LUMO of the aromatic system such that it could accept electrons from the orbital 
containing promoted electron in the BODIPY core (Figure 1.15). This caused a significant 
quenching of the fluorescence quantum yield (oxidative PeT). The oxidative PeT was observed 
to diminish when Ueno and co-workers substituted carbonyl groups (ketenes) on position 2 and 
6 of the BODI PY core. The carbonyl group on these positions facilitated the lowering of energy 
















Figure 1.17 Scheme showing gradual elimination of the oxidative-PeT process in the BODI PY dye.44 
Coskun et al53 also reported a unimolecular system functioning as a combinatorial logic circuit 
and a half subtractor. It was reported that the phenol on meso position of the BODI PY core and 
the amino styryl group on position 3 of the BODIPY core has quenched the fluorescence 
quantum yield. However, deprotonation of the hydroxyl group on the phenol and protonation 















THF, $ 0.25 
A.max abs 565 run 
A.max emiss 660 nm 
THF + H+, $0.85 
A.max abs 525 nm 
A.max emiss 560 nm 
THF + OH -, $  0.032 
A.max abs 565 nm 
A.max emiss 660 nm 
Figure 1.18 Scheme showing fluorescence on/off switching from protonation & de-protonation Effect of 
hydroxyl and amino group.53 
1.7.S BODIPY Dyes as Triplet Photosensitizers and its Application in NIR Luminescent Probes 
1.7.5.1 BODIPY Dyes as Triplet Photosensitizers 
Triplet photosensitizers are compounds that produce the triplet excited state efficiently upon 
photoexcitation.54•55 The development of new triplet photosensitizers have encountered a lot 
of setbacks due to difficulties of molecular structure synthesis.56 Conventional triplet 
photosensitizers are limited to aromatic ketones and porphyrin derivatives. Transition metal 
complexes with precious metal atoms have been deployed as triplet photosensitizers. However, 
new metal-free organic triplet photosensitizers are rarely reported. 
On the other hand, the selections of ideal chromophores for the preparation of triplet 
photosensitizers are important for the sake of derivatization and photostability. To this end, 
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boron-dipyrromethene has been highly sourced lately as a potential chromophore due to its 
strong absorption of visible light, high fluorescence quantum yield, ease of introducing 
substituents to tune their photophysical properties, hydrophilicity and redox property. These 
feasible derivatization qualities make BODIPY dyes ideal candidates for designing new triplet 
photosensitizers. The pathways for generation of triplet state from BODIPY dyes upon 
photoexcitation are via heavy atom effect, exciton coupling and charge recombination. 
1.7.5.2 BOOIPV dyes Application in Designing NIR Luminescent Probes 
He and co-workers 57 synthesized novel lanthanide emitting complexes by attaching BODIPY 
dye to 8-hydroxylquinoline in its meso position. The BODIPY dye was able to exhibit an excellent 
property as green light sensitizer in complex 24 for NIR emission of lanthanide ions.57 The Yb3+ 
complex exhibited two peaks (976 and 1003 nm), which are assigned to the 2F5;2 � 2F712 
transition, with lifetime (976 nm) at 19.78 µs and the emission yield was -1.6%, by a long-range 
electron transfer from BODIPY via OQ to Yb3+ for its reduction to Yb2+ and subsequent NIR 
emission from charge-separated states. The Nd3+ complex showed one emission at 1060 nm 
which was assigned to the 2F3;2 � 4111;2 transition, while the Er3+ complex with emission at 1382 
nm was assigned to the 4111;2 � 4h5;2, resulting from the triplet state of the ligand to the excited 
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Figure 1.19 Structure of BODIPY -hydroxyquinoline lanthanide complex.57 
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Kim and co-workers58 synthesized �-un-substituted and the �-dibrominated ligands Ll and L2 
which formed the neutral tris complexes with Ln111 ions (Ln = Gd3+, Er3+ and Yb3+). Saturation of 











X = H  (Ll) 
X = Br (L2) 
Lo = Gd, Er, Yb 
Figure 1.20 Structure of BODIPY dyes ligand Ll, L2 and Ln(lll)-cored complex of BODI PY ligands.58 
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Photophysical studies showed that there was a metal-centered emission for Er3+ and Yb3 ... ions 
with maxima about 1530 and 978 nm respectively. The emission band of Er3+ is ascribed to the 
4f-4f electronic transition originating from the first excited state (411312) to the ground state 
(411s12) and the emission of the Yb3 ... complexes corresponds to the 2Fs12 -+ 2F112 transition. Based 
on the photo-physical properties of the ligands, it could be deduced that the fraction of energy 
transferred onto the metal as being 25-29% for complexes with Ll. 32% energy transfer was 
reported for Erl2 complex and 17% was reported for Ybl2. Both complexes with L2 are less 
luminescent than those with Ll. The NIR emission intensity of Erll was reported to be 2-fold 
more enhanced than fluorescence of Erl2. In the same vein Ybll was found to be greater than 
Ybl2 by a factor of 1.4. based on the Table 1.  
Table 1: Emission characteristics of Lnli complexes measured at constant absorbance in THF at 
room temperature 
Compound Aemlnm hnt lint (rel) 
Erll 1530 1237 1.0 
Erl2 1530 565 0.46 
Ybll 978 54335 1.0 
Ybl2 978 39110 0.72 
Bunzli and co-workers synthesized terpyridine-boradiazaindacene lanthanide complexes. The 
mononuclear trivalent lanthanide complex has the formula [Ln(L) (N03)3) in which L = 4,4-di­
fluoro-8-(2' :2" ;6" :2" -terpyridin-4" -yl)-1,3,5, 7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s­
indacene (Boditerpy) were reported for Ln = Yb, Nd, and Er. Review of the quantitative view 
point of the article showed that, absolute quantum yields of the luminescence of Nd (4F312) and 
Yb (2Fs12) levels in the [Ln(L)(NOhh complexes have been measured upon ligand excitation 
(18657-18727 cm·1) by using [Yb(tta)3(H20)i] as a reference.59 A value of 0.31 ±0.03% has been 
obtained for the [Yb(L)(N03)3] complex, which is reasonably large with respect to other 
published data. However, the quantum yield of the [Nd (L)(N03)3] complex (1.6 ± 0.2) x 10·2 % 
was low but was considered reasonably high as compared to other Nd3+ complexes. The 
30 
authors reported that the sensitization process was achieved by perturbation of excited states 
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Figure 1.21 Emission spectra of the [Yb(L)(N03h] complex at 10 and 295 K (Aex = 19 455 cm·1); solid lines: 
powered sample, dotted line: single crystals used for the X-ray study; the arrow points to a "hot" band.60 
1.8 Motivation 
Several luminescent NIR emitting lanthanide complexes have been synthesized and their 
sensitization capabilities for NIR emission of lanthanide ions have been examined. However, 
many of these probes have been reported to have low emission efficiency, narrow excitation 
window, low solubility and poor functional ity. To this end, this study has chosen to develop 
functionalized BODIPY Dyes ligand with higher absorption coefficient, strong capability to 
indirectly populate the excited states of the Ln3+ ion by high efficient energy transfer and 
broader absorption in the visible region. 
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1.9 Objectives 
• Synthesize functionalized BODI PY Dyes with strong capability to indirectly populate the 
excited states of the Ln3+ ions by high energy transfer. 
o Synthesis of 2,9-phenanthroline BODIPY as antenna ligand for Ln3+ ion 
sensitization 
o Characterize the BODI PY ligand via 1H NMR spectroscopy to justify that the 
target ligand was obtained from reaction synthesis 
o Determine its photophysical properties and predict its efficiency of sensitizing 
Ln3+ ions 
o Synthesize 2,9-phenanthroline BODIPY-lanthanide complexes 
• Comparative study of the photo physical properties of 2,9-PBDP alongside 2-QBDP, 3-
QBDP and 4-QBDP. 
o Evaluate the fluorescence quenching mechanism of 2,9-PBDP 
• Synthesis of functionalized BODIPY-Benzoic acid ligands 
o Determine its photophysical property as an efficient sensitizer for Ln3+ ions 
o Synthesize Yb{ll l)-cored complex of functionalized BODIPY-Benzoic acid ligands 
• Derivatization of di-iodinated BODI PY Dyes into di-substituted Styryl BODI PY Dyes. 
o Further derivatization of Styryl BODI PY Dyes 
o Characterize the Styryl BODI PY Dyes via 1H NMR spectroscopy to justify that the 
target ligand was obtained from reaction synthesis 







All reagents and solvents used were purchased from commercial sources and were employed 
for research work without any further purification except it was specified by the manufacturer. 
The procedure includes analytical grade chemicals that were received. Chloroform, 
dichloromethane, methanol, hexane and triethylamine were all purchased from Fisher 
Chemical Scientific. 2,3-dichloro-5,6-dicyano-1,4-benzoquinone was supplied by Biosynth 
International. Inc. Other reagents and starting materials used were purchased from ACROS 
Organics. These include; 2-quinoline carboxyaldehyde, 3-quinoline carboxyaldehyde, 4-
quinoline carboxyaldehyde, 2,9-dicarbaldehyde-1, 10-phenanthroline, mesitaldehyde, selenium 
dioxide, 1,4-dioxane, tetrahydrofuran, deuterated chloroform, N-iodosuccinimide, copper (I) 
iodide, tetrakis(triphenylphosphine) palladium (O) (Pd(PPh3 )4), boron trifluoride diethyletherate 
(BF3.0Et2) ca. 48%, 2,4-dimethylpyrrole and dry dichloromethane (CH2Cli ). The argon and 
nitrogen gas cylinders were supplied by Geno Welding (Mattoon, IL). The 230-400 mesh silica 
gel was purchased from Dynamic Adsorbents, Inc. 
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2.1.2 Instruments 
UV-VIS absorption spectra were obtained from the Cary 100 Series UV-VIS Dual Beam. Steady 
state fluorescence spectra were obtained from FSS fluorimeter (Edinburgh Instruments, lnc.).X­
ray diffraction analysis for single-crystals obtained was performed on a CCD-based commercial 
X-ray diffractometer using Cu-K radiation (A = 1.54178 A0). The crystals were mounted on glass 
fibers and the frames were collected at lOOK. The SDABS (Bruker, 2012) program was used to 
correct the absorption data. Computing data reduction was done via SAINT (Bruker, 2010) and 
XREP (Bruker, 2010). The computer structure solution was obtained using SHELXL-2014 
(Sheldrick, 2014).Glove box was used in synthesis of Sonogashira coupling reactions.NMR 
spectra were obtained using the 400 MHz Bruker Avance 11-NMR spectrometer. Deuterated 
chloroform purchased from ACROS Organics containing 0.03% {v/v) TMS, was used in running 
samples of compounds synthesized on the NMR. Chemical shifts were reported in parts per 
million (ppm) and referenced to TMS. Signal splitting from NMR spectra were reported in 




2.2.1 Synthesis of AHl 
OHC CHO 
2,9-dimethyl-1,10-pbenanthroline AHi 
Figure 2.1 Synthesis of AH 1 
Ligand AHl above was synthesized according to the literature method.61 Selenium oxide (1.87 
g, 0.05 mol) was added into a mixture of 1,4-dioxane (150 ml) and deionized water (10 ml) in a 
500 ml  three necked-flask. After heating to reflux, a solution of 2,9-dimethly-1,10-
phenanthroline (1.67 g, 0.024 mol) in 1,4-dioxane (100 ml) was added drop wise into the flask 
for over 10 min. The reaction was al lowed to run under reflux for 2 hours. After 2 hours, 
reaction was stopped and the mixture was filtered while hot, the filtrate was however allowed 
to cool before weighing. A yellow needle solid was obtained without any further purification. 
Yield: 0.890 g, 46.93%. 
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2.2.2 Synthesis of AH2 
+ 4 
AHi AH2 
Figure 2.2. Synthesis of AH2 
Ligand AH2 was synthesized according to the literature method.57 To a three necked-flask, 2, 9-
dicarbaldehyde (0.69 g, 2.91 mmol) was added. The 2, 9-dicarbaldehyde solution was purged 
with nitrogen and vacuum intermittently to make the reaction flask oxygen-free. This is to 
prevent auto-oxidation of 2, 4-dimethyl pyrrole which is reacting specie in the subsequent step. 
After 30 minutes under Ni atmosphere, CH2Cli (150 ml) was added to the flask and allowed to 
stir for 20 minutes. 2, 4-dimethyl pyrrole (1.2 ml, 11.62 mmol), 2 drops of trifluoracetic acid was 
added at room temperature and reaction was stirred for 12 hours. After 12 hours, 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (l.32 g, 5.81 mmol) was added and stirred for another 1 hour. 
Triethylamine (11.64 ml, 82.82 mmol), BF3.EtiO (11.62 ml, 94.16 mmol) was added and 
reaction mixture immediately showed a weak green fluorescence. Reaction was stirred for 
another 2 hours before post treatment of the reaction mixture. The proposed ligand AH2 was 
purified using column chromatography on silica with CH2Cli. After running 3 different column 
separations, an orange solid with weak green fluorescence which is characteristic of our 
proposed ligand was obtained. Yield: 0.30 g, 15.35%.1H NMR (400 MHz, CDCl3) :  6 = 8.46 (d, lH), 
8.00 (s, lH), 7.79 (d, lH), 5.94 (s, 2H), 2.54(s, 6H), l.19(s, 6H). 
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Figure 2.3 Synthesis of AH3 
AH3 
Complex AH3 was synthesized according the literature method. To a one neck flask, AH2 (7.9 
mg, 0.02 mmol), was added. 25 ml of methanol was added, the flask was heated up in an oil 
bath to 60 °C. [Yb (hfa)3 (H20)i] (150 mg, 0.02 mmol) which has already been dissolved in 10 ml 
of methanol was added drop wise to the reaction. After 4 hours of allowing the reaction to stir, 
the reaction monitored with TLC in different solvent and it was proven that no new bands was 
formed and the only band seen on TLC was that of the starting material. 
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2.2.4 Synthesis of AH4 
2 
AH4 
Figure 2.4 Synthesis of AH4 
ligand AH4 was synthesized according to the literature method.57 To a freshly distilled 
dichloromethane solution (150 ml) in a three-neck flask, 2-quinoline carboxaldehyde (0.79 g, 5 
mmol), was added and purged with nitrogen for 45 minutes. 2, 4-dimethylpyrrole (1.29 ml, 10 
mmol) and triflouroacetic acid was added under nitrogen. The reaction mixture was stirred for 
12 hours. After 12hours, 2, 3-dichloro-5,6-dicyano-l,4-benzoquinone (1.14 g, 5 mmol) was 
added and reaction was further stirred for 1 hour. Triethylamine (10.12 ml, 72 mmol) and 
BF3.EhO (9.997 ml, 81 mmol) was added after lhour of stirring and a slightly weak green 
fluorescence was observed from the reaction flask when viewed under UV-irradiation light. 
Reaction was stirred for 3hours before removing the solvent under vacuum. The crude product 
was purified via column chromatography on silica with CH2C'2. The product fraction had a green 
fluorescence and yielded an orange solid. Yield: 0.64 g, 33.85%. 1H NMR (400 MHz, CDC'3): l5 = 
8.33 (d, lH), 8.15 (d, lH), 7.91 (d, lH), 7.66 (t, lH), 7.54 (t, lH), 7.52 (d, lH), 5.97 (s, 2H), 2.56 (s, 
6H), 1.22 (s, 6H 
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2.2.5 Synthesis of AH5 
AH5 
Figure 2.5 Synthesis of AH5 
Ligand AH5 was synthesized according to the literature method.57To a freshly distilled 
dichloromethane solution (150 ml) in a three-neck flask, 3-Quinoline carboxaldehyde (0.250 g, 
1.59 mmol), was added and purged with nitrogen for 45 minutes. 2, 4-dimethylpyrrole {0.5 ml, 
3.19 mmol) and trifluoracetic acid was added under nitrogen. The reaction mixture was stirred 
for 12 hours. After 12hours, 2, 3-dichloro-5,6-dicyano-1,4-benzoquinone (0.40 g, 1.59 mmol) 
was added and reaction was further stirred for 1 hour. Triethylamine {3.22 ml, 22.94 mmol) 
and Bf3.EtiO (3.19 ml, 25.81 mmol) was added after lhour of stirring and a distinct green 
fluorescence was observed from the reaction flask when viewed under UV-irradiation light. 
Reaction was stirred for 3hours before removing the solvent under vacuum. The crude product 
was purified via column chromatography on silica with CH2Cb. The product fraction had a green 
fluorescence and yielded an orange solid. Yield: 0.20 g, 34.08%. 1H NMR {400 MHz, CDCh): 6 = 
8.85 (s, lH), 8.25 (d, lH), 8.17(s, lH), 7.88(m, 2H), 7.69(d, lH), 6.02(s, 2H), 2.59(s, GH), 1.31 (s, 
6H). 
39 
2.2.6 Synthesis of AH6 
cy + CHO 
AH6 
Figure 2.6 Synthesis of AH6 
Ligand AH6 was synthesized according to the literature method.57To a freshly distilled 
dichloromethane solution (150 ml) in a three-neck flask, 4-quinoline carboxaldehyde (0.61 g, 
3.87 mmol), was added and purged with nitrogen for 45 minutes. 2, 4-dimethylpyrrole (1.10 ml, 
7.74 mmol) and trifluoracetic acid was added under nitrogen. The reaction mixture was stirred 
for 12 hours. After 12hours, 2, 3-dichloro-5, 6-dicyano-1, 4-benzoquinone (0.88 g, 3.87 mmol) 
was added and reaction was further stirred for 1 hour. Triethylamine (7.90 ml, 55.73 mmol) 
and BF3.Et20 (7.8 m l, 62.70 mmol) was added after !hour of stirring and a strong green 
fluorescence was observed from the reaction flask when viewed under UV-irradiation light. 
Reaction was stirred for 3hours before removing the solvent under vacuum. The crude product 
was purified via column chromatography on silica with CH2Cli. The product fraction had a green 
fluorescence and yielded an orange solid. Yield: 0.51 g, 35.19%. 1H NMR (400 MHz, CDCl3): o = 
9.03 (d, lH), 8.23(d, lH), 7.86 (d, lH), 7.56 (d, lH), 7.54 (t, lH), 7.41 (s, lH), 5.96 (s, 2H), 2.58 (s, 
6H), 1.08 (s, 6H). 
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2.2. 7 Synthesis of AH7 
+ 2 
AH7 
Figure 2.7 Synthesis of AH7 
Ligand AH7 was synthesized according to the literature method.57 To a freshly distilled 
dichloromethane solution (150 ml) in a three-neck flask, 2,4,6-trimethylbenzaldehyde (1.04 g, 
7.0 mmol), was added and purged with nitrogen for 45 minutes. 2, 4-dimethylpyrrole (1.03 ml, 
15.75 mmol) and trifluoracetic acid was added under nitrogen. The reaction mixture was stirred 
for 12 hours. After 12hours, 2, 3-dichloro-5, 6-dicyano-1, 4-benzoquinone (1.59 g, 7.0 mmol) 
was added and reaction was further stirred for 1 hour. Triethylamine (6.0 ml, 42.0 mmol) and 
BF3.Et20 (3.5 ml, 28.0 mmol) was added after lhour of stirring and a strong green fluorescence 
was observed from the reaction flask when viewed under UV-irradiation light. Reaction was 
stirred for 3hours before removing the solvent under vacuum. The crude product was purified 
via column chromatography on silica with CH2Ch. The product fraction had a green 
fluorescence and yielded a dark orange solid. Yield: 0.76 g, 29.50%. 1H NMR (400 MHz, CDCl3) :  l5 
= 6.94 (s, 2H), 5.96 (s, 2H), 2.56 (s, 6H), 2.33 (s, 3H), 2.09 (s, 6H), 1.38 (s, 6H). 
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2.2.8 Synthesis of AH8 
NIS 
AH7 AH8 
Figure 2.8 Synthesis of AH8 
The procedure for synthesis of AH8 was adopted from the literature.62 N-iodosuccinimide (0.40 
g, 1.79 mmol) was dissolved in 50.0 ml CH2Cli then added dropwise to a solution of AH7 (0.30 
g, 0.895 mmol) in 100 ml CH2Cli at room temperature. The solution was stirred for 12 hours, 
and then the solvent was removed under vacuum. The crude red solid product was purified 
using column chromatography on silica with CH2Cl2/Hexane (3:7). The product fraction had a 
distinct bright red color in the column and yielded a red solid. Yield: 0.47 g, 85.45%. 1H NMR 
(400 MHz, CDCh): 6 = 6.97 (s, 2H), 2.65 (s, 6H), 2.36 (s, 3H), 2.06 (s, 6H), 1.40 (s, 6H). 
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2.2.9 Synthesis of AH9 
AH8 AH9 
Figure 2.9 Synthesis of AH9 
This compound was prepared according to the literature method.63 Under Argon atmosphere, 
AH8 (0.45 g, 0.73 mmol), 4-ethynylbenzoic acid (0.11 g, 0.73 mmol), Pd (PPh3)4 (0.15 g, 0.11 
mmol), Cul (0.021 g, 0.11 mmol) and EhN (3.0 ml, 22 mmol) were all dissolved in THF {35.0 ml) 
i n  a pressure tube. The reaction mixture was stirred at a temperature of 60°C for 24h. The 
reaction mixture was cooled afterwards before removing the solvent under vacuum. The crude 
product was purified via column chromatography on silica with CH2C'2/MeOH (100 +7) ml 
solvent system. The product fraction was purplish but had an Orange fluorescence when 
viewed under UV-irradiation lamp. Yield: 0.14 g, 29.06%. 1H NMR (400 MHz, CDCl3) :  5 = 8.05 (d, 
2H), 7.53 (d, 2H), 6.99 (s, 2H), 2.72 (s, 3H), 2.67 (s, 3H), 2.37 (s, 3H), 2.08 (s, 3H), 1.53 (s, 3H), 
1.44 (s, 3H). 
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2.2.10 Synthesis of AH10 
+ 2 
AH8 AHIO 
Figure 2.10 Synthesis of AHlO 
This compound was prepared according to the literature method.64 AH8 (0.70 g, 1.13 mmol), p­
tolualdehyde (0.293 ml, 2.49 mmol), p-toluenesulfonic acid (0.24 g, 1.25 mmol) and piperidine 
{lml, 10 mmol) were dissolved in toluene {60 ml) and refluxed for 24 h using Dean-Stark trap. 
The solvent was removed under vacuum and the crude product was purified via column 
chromatography on silica with Hexane/CH2Cl2 (7:3). The product fraction was dark reddish with 
strong green fluorescence. Brown Solid sample of the product fraction was obtained after 
removing the solvent and recrystallizing with hexane. Yield: 0.15 g, 16.13%. 1H NMR {400 MHz, 
CDC'3): 5 = 8.15 (d, 2H), 7.68 (d, 2H), 7.54 (d, 4H), 7.21 (d, 4H), 6.98 (s, 2H), 2.39 (s, 6H), 2.36 (s, 
3H), 2.08 (s, 6H), 1.47 (s, 6H). 
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2.2.11 Synthesis of AH11 
i"' /0 . �·,."' "" H,N 
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AHlO AHll 
Figure 2.11 Synthesis of AHll 
This compound was prepared according to the literature method.65 AH10 (0.1 g, 0.12 mmol), 4-
amino benzene boronic acid Pinacol ester (0.032 g, 0.146 mmol), Pd (PPh3)4 (0.007 g, 0.0061 
mmol), KzC03 (6 ml, 2 M) were dissolved in toluene (80 ml} and refluxed under nitrogen gas for 
48 h. The solvent was removed under vacuum and the crude product was purified via column 
chromatography on silica with CH2Clz. The product fraction was dark purplish with strong green 
fluorescence. Dark colored solid of the product fraction was obtained after removing the 
solvent and recrystallizing with hexane. Yield: 0.011 g, 11.42%). 1H NMR (400 MHz, CDCl3): 6 = 
8.09 (d, lH), 7.71 (d, lH), 7.67 (d, lH), 7.58 (d, 2H), 7.23 (d, 4H ), 7.12 (d, 2H), 7.03 (d, 2H), 6.96 
(s, 2H), 6.72 (d, 2H), 2.40 (s, 2H), 2.34 (d, 6H), 2.13 (s, 6H), l.47(s, 3H), 1.23 (s, 3H). 
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2.2.12 Synthesis of AH12 
l I 
AH9 AH12 
Figure 2.12 Synthesis of AH12 
This compound was prepared according to the literature method. 57 The reaction was done in a 
glove box at room temperature. AH9 (0.05 g, 0.079 mmol) and sodium hydride (0.0021 g, 0.087 
mmol) were added to 40 ml of dry THF in a pressure tube. After 30 minutes of stirring reaction 
mixture, YbCh (0.0074 g, 0.0262 mmol) and 1, 10-phenanthroline (0.0142 g, 0.0262 mmol) was 
added to the reaction mixture. The reaction was stirred for 24 hours after which the reaction 
mixture was filtered. The product obtained from filtration could not be dissolved in any solvent. 
Hence, further studies could not be conducted. 
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2.2.12 Synthesis of AH13 
l I 
AH9 AH13 
Figure 2.13 Synthesis of AH13 
This compound was prepared according to the literature method. 57 The reaction was done in a 
glove box at room temperature. AH9 (0.049 g, 0.0755 mmol) was dissolved in 100 ml of ethanol 
in a round bottom flask. Sodium hydroxide pellets (0.12 g, 0.0755 mmol) was dissolved in 20 ml 
de-ionized water and added drop wise to the solution in the round bottom flask. After 30 
minutes of stirring the fluorescence of AH9 was quenched and ytterbium triflate (0.16 g, 0.025 
mmol) was added. The reaction mixture was allowed to stir for 24 hours. After 24 hours of 
stirring the reaction solution showed a glowing green fluorescence. Reaction was filtered, 
however the product obtained could only dissolve in polar solvent hence further studies could 
not be done on the product obtained. 
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2.3 Measurements 
2.3.l UV-VIS Absorption Spectra 
Varying concentrations of the stock solution of the synthesized ligands were prepared. 
However, the stock solution concentrations (C1) for al l  the ligands were diluted to 10-6 M (C2) 
prior to taking their absorption spectra. Exactly 3.5 ml of the diluted stock solution (C2) was 
transferred via syringe into the l.Ocm quartz cuvette. The spectra were then recorded from 
200-800 nm_ Table 3.3 lists the individual stock solutions (C1) and the diluted stock solution 
concentrations (C2). 
The diluted stock solution concentration (C2) were determined using the serial dilution formula 
C1V1 = C2V2 
Where; 
C1 is the concentration of the stock solution 
V1 is the volume of stock solution required for diluted stock solution 
C2 is the concentration of diluted stock solution 
V2 is the volume of diluted stock solution prepared 
The absorption coefficient (E) was calculated for each dye by using the Beer-Lambert law. 
A =  Eel 
Where "A" is the ligands maximum absorption, "I" is optical path length and "c" analyte 
concentration_ 
2.3.2 Steady State and Time-Resolved Fluorescence Spectroscopy 
Steady state fluorescence spectra were obtained from FS5 spectroflourometer (Edinburgh 
Instruments, Inc.) with a xenon arc lamp as a light source. A pulse diode laser (EPL-375, 
Edinburgh Instruments, Inc) with excitation wavelength at 375 nm was used as the light source 
and life times were obtained by exponential fitting of decay curves. Steady state emission and 
excitation spectrum of AH2, AH4, AH5, AHG, AH7, AH8 and AH9 were obtained using the same 
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concentration of the ligands prepared for Absorption measurement. 3 ml of the prepared 
concentration from 2.3.1 above were introduced into cuvette and excited at 375 nm on FS5 
spectroflourometer with the Xenon lamp. TCSPC option was selected on the flouracle user 
interface in obtaining the exponential fitting decay curves. 
2.3.3 Quantum Yield Measurement 
Quantum yield in the visible region was determined using the equation defined below; 
# photons emitted Quantum yield = -----­# photons absorbed 
Where "Q" is the fluorescence quantum yield, "m" is the gradient from the plot of the 
integrated fluorescence intensity vs. absorbance of five samples for each of the quinoline­
functionalized BODIPY dyes with different concentrations. "n" is the refractive index of the 
solvents. Rhodamine GG in ethanol (Q,. = 0.95, Aex = 488 nm) was used as a reference.6 The 
absorbance of the four BODI PY dyes and the reference Rhodamine GG at excitation wavelength 
of 488 nm were obtained from the absorption spectrum of five replicate scan for each of the 
dyes.15 The emission spectrum was also obtained in a similar approach as that of the absorption 
spectrum. The area under the curve of the emission spectrum for reference (Rhodamine GG) 
and the quinoline-functionalized BODIPY dyes were integrated and plotted against absorbance 
values at wavelength 488 nm.16 
2.3.4 Nuclear Magnetic Resonance {NMR) Spectroscopy 
1H NMR spectra were recorded on a 400 MHz Bruker NMR spectrometer using the TMS as an 
internal standard. Deuterated chloroform was used in preparing samples solution for the NMR 
spectrum. Chemical shifts were reported in parts per million {ppm). The following abbreviations 
were used in denoting peaks; s, singlet; d, doublet; t, triplet; m, multiplet. 
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2.3.5 X-Ray Crystallography 
Single crystals of the BODIPY dyes (AH2, AH4, AHS and AH6) were obtained by slow 
evaporation of dichloromethane-methanol solution of the dyes at room temperature. The 
crystals were mounted on glass fibers before data collection. Diffraction measurements were 
made on a CCD-based commercial X-ray diffractometer using Mo-Ka radiation (I = 0.71073 A0). 
The frames were collected at 125 K with a scan width 0.3· in w and integrated with the Bruker 
SAINT software package9 using a narrow-frame integration algorithm. The unit cell was 
determined and refined by least squares upon the refinement of XYZ-centeroids of reflections 
above 20 s (I). The data were corrected for absorption using SADABS program.9 the structures 
were refined on F2 using the Bruker SHELXTL (version 5.1) software package.9 the obtained 
single crystal structures of AH2, AH4, AHS and AH6 is illustrated Figure 3.1 below. The structural 
parameters of the four BODIPY dyes are listed in the Table 3.1, while bond lengths and bond 
angles are presented in Table 3.2 below. 
so 
Table 2.1 Crystal's data and structural parameters for AH2, AH4, AH5 and AH6 
AH2 
Empirical formula C3sH34B2f 4N5 
formula weight 672.30 
�emperature, K 100(2) 
wavelength, A 1.54178 
�rystal system, Monoclinic 
space aroup 'P 21/n' 
�ell dimensions 






�olume, A3 3661.3(2) 
z 4 
P(calcd.),g cm·3 1.374 
1.L(Mo K a), mm·1 2.089 
F(OOO) 1568 




,.lnal R indices Rl= 0.0947 
I >  2o(I)] wR2 = 0.1422 
� Indices (all data) Rl= 0.0540 






















wR2 = 0.0382 
Rl= 0.0891 























wR2 = 0.1224 
Rl= 0.0461 






















wR2 = 0.1101 
Rl= 0.0411 
wR2 = 0.0999 
3.1 Synthesis and Purification 
CHAPTER 3 
RESULTS AND DISCUSSION 
The methodology of making the BODIPY dyes (AH2, AH4, AHS, AH6 and AH7) reported in this 
thesis followed the same synthetic pathway. Typically, in synthesizing the BODIPY dyes, 
aldehyde of choice is introduced into a freshly distilled dichloromethane in a three -neck flask 
followed by addition of 2,4-dimethyl pyrrole and trifluoracetic acid which acts as a catalyst. 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was then added for oxidation and BF3.0Eti was 
added afterwards for coordination in the presence of EbN. The formation of green fluorescence 
from the reaction mixture upon irradiation of the reaction flask with UV light source confirmed 
the formation of the desired BODIPY dye. Purification of BODIPY dye was achieved after 
successive column chromatography separation using CH2C'2 as the mobile phase. To prepare 
BODIPY dye ligands that can be employed in sensitizing lanthanide ions, it was required for the 
BODIPY dye to be functionalized by substituting its C2 and C6-pyrrolic hydrogen atoms for 
iodine groups via iodination reaction giving rise to a di-substituted iodinated BODIPY. The 
purification of the iodination reaction was achieved after successive chromatography 
separation using CH2C'2/hexane (3:7) solvent system due to the extreme low polarity of the 
iodinated BODIPY dye. The reddish solid of iodinated BODIPY dye obtained was employed as 
the starting material in Sonogashira coupling reaction with 4-ethynyl-benzoic acid to yield the 
BODIPY-benzoic acid derivative. The ligand was purified using CH2C'2/MeOH (100 + 7 ml} 
solvent system and purplish solid was obtained. In the same vein, di-iodinated BODIPY dye was 
also used as a starting material in reaction with toluene aldehyde to prepare the styryl 
conjugated iodinated BODIPY dye ligand via the Knoevenagel condensation. Purification of the 
reaction mixture was successfully achieved for di-substituted styryl conjugated iodinated 
BODIPY dye using hexane/CH2C'2 (7:3). Further derivatization of the iodinated group on C6 of 
the pyrrolic ring with 4-amino benzene boronic acid pinacol ester was achieved via Suzuki 
coupling reaction and the target product was achieved after successive column 
chromatography separation using CH2C'2 as the mobile phase. 
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3.2 Characterization 
3.2.1 NMR Spectroscopy 
3.2.1. a. 1H NMR of Compound AH2 
a 
1H NMR (400 MHz, CDCl3) :  6 = 8.46 (d, lH), 8.00 (s, lH), 7.79 (d, lH), 5.94 (s, 2H), 2.54(s, 6H), 
1.19(s, 6H). 
The 1H NMR spectrum for AH2 is illustrated in appendix I .  Six major peaks were produced. The 
two aromatic protons on the pyrrole groups, labelled as an "f', produced a singlet at 5.94 ppm. 
The methyl groups bound to the pyrrole adjacent to the nitrogen atoms, labelled as "e", 
produced a singlet at 2.54 ppm. The second set of methyl groups on the pyrrole ring, labelled as 
"d", appeared as a singlet at 1.19 ppm. The phenanthroline ring substituent aromatic protons 
produced three peaks with proton "c" being most deshielded which appeared as a doublet at 
8.46 ppm. "a" produced a singlet at 8.00 ppm and "b" produced a doublet at 7.79 pm. 
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3.2.1.b 1H NMR of compound AH4 
e 
a 
1H NMR (400 MHz, CDCl3): o = 8.33 (d, lH), 8.15 (d, lH), 7.91 (d, lH), 7.66 (t, lH), 7.54 (t, lH}, 
7.52 (d, lH), 5.97 (s, 2H), 2.56 (s, 6H}, 1.22 (s, 6H). 
The 1H NMR spectrum for AH4 is i l lustrated in appendix II. Nine major peaks were produced. 
The two aromatic protons on the pyrrole groups labelled as "a" produced a singlet at 5.97 ppm. 
The methyl group bound to the pyrrole adjacent to the nitrogen atom, labelled as "j" produced 
a singlet at 2.56 ppm. The second set of methyl groups on the pyrrole ring labelled as "i" 
appeared as a singlet at 1.22 ppm. The quinoline ring substituent produced six peaks which are; 
b, c, d, e, f, g. "b" was the most dieshielded which appeared as a doublet at 8.33 ppm. "g" 
appeared as a doublet at 8.15 ppm, "c" appeared as a doublet at 7.91 ppm, "f" appeared as a 
triplet at 7.66 ppm, "e" appeared as a triplet at 7.54 ppm and "d" appeared as a doublet at 7.52 
ppm. 
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3.2.1.c 1H NMR of compound AH5 
f 
1H NMR (400 MHz, CDCl3): 6 = 8.85 (s, lH), 8.25 (d, lH), 8.17(s, lH), 7.88(m, 2H), 7.69(d, lH), 
6.02(s, 2H), 2.59(s, 6H), 1.31 (s, 6H). 
The 1H NMR spectrum for AHS is illustrated in appendix Ill. Eight major peaks were produced. 
The two aromatic protons on the pyrrole groups labelled as "a" produced a singlet at 6.02 ppm. 
The methyl group bound to the pyrrole adjacent to the nitrogen atom, labelled as "j" produced 
a singlet at 2.59 ppm. The second set of methyl groups on the pyrrole ring labelled as "j" 
appeared as a singlet at 1.31 ppm. The quinoline ring substituent produced six peaks which are; 
b, c, d, e, f, g. "c" was the most dieshielded and it appeared as a singlet at 8.85 ppm. "g" 
appeared as a doublet at 8.25 ppm, "b" appeared as a singlet at 8.17 ppm, "e" and "f" both 
appeared as a multiplet at 7.88 ppm and "d" appeared as a doublet at 7.69 ppm 
SS 
3.2.1.d 1H NMR of compound AH6 
1H NMR (400 MHz, CDCl3) :  o = 9.03 (d, lH), 8.23{d, lH), 7.86 (d, lH), 7.56 (d, lH), 7.54 {t, lH), 
7.41 (s, lH), 5.96 (s, 2H), 2.58 {s, 6H), 1.08 (s, 6H). 
The 1H NMR spectrum for AH6 is illustrated in appendix IV. Eight major peaks were produced. 
The two aromatic protons on the pyrrole groups labelled as "a" produced a singlet at 5.96 ppm. 
The methyl group bound to the pyrrole adjacent to the nitrogen atom, labelled as "c" produced 
a singlet at 2.58 ppm. The second set of methyl groups on the pyrrole ring labelled as "b" 
appeared as a singlet at 1.08 ppm. The quinoline ring substituent produced six peaks which are; 
d, e, f, g, I, j, "d" was the most dieshielded and it appeared as a doublet at 9.03 ppm, "e" 
appeared as a doublet at 8.23 ppm. "j" appeared as a doublet at 7.86 pp. "i" appeared as a 
doublet at 7.56 ppm. "g" appeared as a triplet at 7.54 ppm and "f' appeared as a singlet at 7.41 
ppm. 
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1H NMR {400 MHz, CDCl3): 6 = 6.94 (s, 2H), 5.96 (s, 2H), 2.56 (s, 6H), 2.33 (s, 3H), 2.09 (s, 6H), 
1.38 (s, 6H). 
The 1H NMR spectrum for AH7 is illustrated in appendix V. Six major peaks were produced. The 
two aromatic protons on the pyrrole groups, labelled as an "e" produced a singlet at 5.96 ppm. 
The methyl groups bound to the pyrrole adjacent to the nitrogen atoms, labelled as "f', 
produced a singlet at 2.56 ppm. The second set methyl groups on the pyrrole core labelled as 
"c" appeared as a singlet at 2.09 ppm. The mesityl substituent's aromatic protons labelled as 
"b" resulted in the most dieshielded peak at 6.94 ppm. The meso substituent's methyl group in 
the para position resulted in a singlet at 2.33 ppm while the other two remaining methyl 
groups, labelled as "d" produced a singlet at 1.38 ppm. 
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3.2.1.f 1H NMR of compound AH8 
a 
e 
1H NMR {400 MHz, CDC'3): 6 = 6.97 (s, 2H), 2.65 (s, 6H), 2.36 (s, 3H), 2.06 (s, 6H), 1.40 (s, 6H). 
The 1H NMR spectrum for AH8 is illustrated in appendix VI. Five major peaks were produced. 
The methyl groups bound to the BODIPY core adjacent to nitrogen atoms, labelled as an "e" 
experienced a downfield shift to 2.65 ppm. The second set of methyl groups bound to the 
pyrrole moieties, labelled as "c" resulted in a singlet at 2.06 ppm. The aromatic proton peaks at 
5.96 ppm disappeared. The mesityl substituent contained the only aromatic protons, labelled as 
"b" which appeared as a singlet at 6.97 ppm. The methyl group located in the para position 
relative to the BODIPY core produced a singlet at 2.36 ppm. The remaining methyl groups, 
labelled as "d" resulted in a singlet at 1.40 ppm. 
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1H NMR (400 MHz, CDCl3): 5 = 8.05 (d, 2H), 7.53 (d, 2H), 6.99 (s, 2H), 2.72 (s, 3H), 2.67 (s, 3H), 
2.37 (s, 3H), 2.08 (s, 3H), 1.53 (s, 3H}, 1.44 (s, 3H). 
The 1H NMR spectrum for AH9 is illustrated in appendix VII. Nine major peaks were produced. 
The methyl groups on the BODIPY core all had different chemical shift due to the different 
groups on position 2 and 6 of the BODIPY core. The methyl group on position 5 and 7 which 
both produced a singlet at 2.65 ppm and 1.40 ppm in AH8 experienced a downfield shift in AH9. 
The methyl group bound to position 5 on the BODIPY core labelled "g" produced a singlet at 
2.72 ppm. The methyl group bound to position 7 on the BODIPY core labelled "h" produced a 
singlet at 2.67 ppm. The methyl group bound to position 3 on the BODIPY core labelled "d" 
produced a singlet at l.53ppm. The methyl group bound to position 1 on the BODIPY core 
labelled "i" produced a singlet at 1.44 ppm. The mesityl substituent aromatic proton labelled as 
"b" appeared as a singlet at 6.99 ppm. The methyl group in the para position relative to the 
BODIPY core produced a singlet at 2.37 ppm. The methyl group labelled "c" on the mesityl 
substituent experienced a downfield shift from 1.40 ppm in AH8 to 2.08 ppm in AH9. The new 
and most dieshielded protons are the ones labelled "e" and "f" found on the phenyl ring of 4-
ethynylbenzoic acid which is attached to position 6 of the BODI PY core. The proton labelled "e" 
produced a doublet at 7.53 ppm and the proton labelled "f' produced a doublet at 8.05 ppm. 
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1H NMR (400 MHz, CDCl3) : 6 = 8.15 (d, 2H), 7.68 (d, 2H), 7.54 (d, 4H), 7.21 (d, 4H), 6.98 (s, 2H}, 
2.39 (s, 6H}, 2.36 (s, 3H), 2.08 (s, 6H), 1.47 (s, 6H). 
The 1H NMR spectrum for AHlO is illustrated in the appendix VIII. Nine major peaks were 
produced. The methyl groups bound to the pyrrole moieties, labelled as "c" resulted in a singlet 
at 2.08 ppm. The mesityl substituent aromatic proton labelled as "b" appeared as singlet at 
6.98 ppm. The methyl group located para position relative to the BODIPY core produced a 
singlet at 2.39 ppm. The remaining methyl groups labelled as "d" resulted in a singlet at 1.47 
ppm. The trans-alkenyl fragment of the styryl group proton labelled "f" was the most 
dieshielded producing a doublet at 8.15 ppm. The other trans-alkenyl fragment of the styryl 
group proton labelled "g" was less deshielded and produced a doublet at 7.68 ppm. The proton 
of the phenyl fragment of the styryl group labelled "h" produced a doublet at 7.54 ppm. The 
meta-position protons on the phenyl fragment of the styryl group labelled "i" produced a 
doublet at 7.21 ppm. The methyl group protons on the styryl group's labelled "e" produced a 
singlet at 2.39 ppm. 
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3.2.1.i 1H NMR of compound AH11 
0 
1H NMR (400 MHz, CDC'3) :  6 = 8.09 (d, lH), 7.71 (d, lH), 7.67 (d, lH), 7.58 (d, 2H), 7.23 (d, 4H), 
7.12 (d, 2H), 7.03 (d, 2H), 6.96 (s, 2H), 6.72 (d, 2H), 2.40 (s, 2H), 2.34 (d, 6H), 2.13 (s, 6H), 1.47(s, 
3H), 1.23 (s, 3H). 
The 1H NMR spectrum for AH11 is illustrated in appendix IX. Fourteen major peaks were 
produced. The styryl group trans -alkenyl proton labelled "e" was the most deshielded 
producing a doublet at 8.09 ppm, next to it was adjacent trans-alkenyl proton labelled "f' which 
produced a doublet at 7.71 ppm. The trans-alkenyl proton labelled "g" produced a doublet at 
7.67 ppm. A pair of the aromatic proton of the amino benzene on position 5 of the BODI PY core 
labelled "h" produced a doublet at 7.58 ppm. The other pair of the aromatic proton of the 
amino benzene labelled "j" produced a doublet at 7.11 ppm. Aromatic protons of the styryl 
group labelled "i" produced a doublet at 7.23 ppm. Another set of aromatic protons on the 
styryl group labelled "k" produced a doublet at 7.03 ppm. The mesityl substituent proton 
labelled "b" produced a singlet at 6.96 ppm. The last set of aromatic protons of the styryl group 
labelled "I" produced a doublet at 6. 72 ppm. The methyl group protons on the mesityl 
substituent labelled "a" produced a singlet at 2.40 ppm. The other methyl groups protons 
labelled "c and d" produced a doublet at 2.34 ppm. The styryl group aromatic methyl group's 
labelled "n" produced a singlet at 2.13 ppm. The methyl group on the BODIPY core labelled "o" 
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produced a singlet at 1.47 ppm. The other methyl group on the BODIPY core labelled "p" 
produced a singlet at 1.23 ppm. 
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3.2.2 X-Ray Crystallography 
The single crystals of the compounds were obtained by a slow evaporation method using 
dichloromethane and methanol. According to the crystal system, AH2, AH4 and AH6 are 
monoclinic while AH5 is orthorhombic. The boron atom of BODIPY core was in tetrahedral 
geometry with bond angles averaging at 109.05°. 
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Figure 3.1 ORTEP diagram of AH2, AH4, AH5 and AH6 with 50% thermal ellipsoid probability. 
Hydrogen atoms were omitted for clarity. 
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Table 3.2 Selected Bond lengths and bond angles for AH2, AH4, AHS and AH6 
Bond lengths and Bond Angles for AH2 
Bond Bond length (A 0) Bond Bond Angle (°) 
Bl-Fl 1.399 F2-Bl-Fl 108.8 
81-Nl 1.534 F2-Bl-N2 110.0 
Bl-F2 1.396 N2-Bl-Nl 106.9 
Bl-N2 1.543 C6-C5-C14 119.2 
C5-C14 1.511 C4-C5-C14 119.1 
Bond lengths and Bond Angles for AH4 
Bond Bond length (A 0) Bond Bond Angle (°) 
Bl-Fl 1.387 F2-Bl-Fl 109.5 
81-Nl 1.548 Fl-81-Nl 109.7 
Bl-F2 1.394 Nl-Bl-N2 106.6 
Bl-N2 1.551 C4-C5-C14 117.9 
C5-C14 1.494 C5-C14-N3 116.1 
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Bond Lengths and Bond Angles for AHS 
Bond Bond Length (A 0) Bond Bond Angle (°) 
Bl-Fl 1.394 F2-Bl-Fl 109.2 
Bl-Nl 1.554 F2-Bl-N2 110.3 
Bl-F2 1.389 N2-Bl-Nl 106.5 
Bl-N2 1.552 C4-C5-C15 119.0 
C5-C15 1.491 C5-C15-N3 146.3 
Bond Lengths and Bond Angles for AH6 
Bond Bond Length (A 0) Bond Bond Angle (°) 
Bl-Fl 1.395 F2-Bl-Fl 109.5 
Bl-Nl 1.553 Fl-Bl-Nl 109.8 
Bl-F2 1.395 Nl-Bl-N3 106.8 
Bl-N3 1.548 C5-C14-N2 175.5 
C5-Cl4 1.498 C6-C5-C14 118.3 
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3.3 Photophysical Properties 
3.3.1 UV-VIS Absorption Study of Quinoline-functionalized BODIPY dyes 
The absorption spectrum of the quinoline-functionalized BODI PY dyes AH2, AH4, AH5 and AH6 
were all taken at same concentration of 4.0 x 10·6 M in CH2Ch and the merged spectrum is seen 
in Figure 3.2 below. The absorption coefficient and wavelength of maximum absorption are 
reported in Table 3.4 below. 
The four dyes had their maximum absorption ranging between (502-506 nm). However, 
absorption coefficient varied largely for some dyes. The absorption coefficient of AH2 which 
was reported as (13.0 x 104 M·1 cm·1) was observed to be the highest and that of AH6 reported 
as (9.0 x 104 M·1 cm·1) observed to be the least. The high extinction coefficient of AH2 was due 
to the presence of two BODI PY cores on the 2 & 9-position of the phenanthroline ring which 
increased the degree of conjugation there by enabling more light absorption as compared to 
AH4, AH5 and AH6. 
However, AH4, AH5 and AH6 are all expected to exhibit similar absorption coefficient since they 
all had one BODI PY unit and same substituent on the meso position of the BODI PY unit but the 
absorption coefficient was found to be in the order of AH4> AH5> AH6. This trend showed that 
there is a degree of de localization of n-electron which is attributed to the nitrogen atom on the 
quinoline ring. To justify this, fluorescence emission study was conducted for the four BODI PY 
dyes. 
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Table 3.3 Concentration of dye solutions used for UV-Vis absorbance measurement. 
Dye m Dye, Stock Cone. of Vol. of stock Vol. of Cone. Of Vol. of 
(mg) stock (C1) used for diluted diluted diluted 
(mol/L) dilution (V1) solution (V2) solution (C2) solution used 
(ml) (ml) (mol/l) in cuvette 
(ml) 
AH2 1.54 9.16x 10·5 0.44 10 4.0x 10·6 3.05 
AH4 0.74 7.89 x 10·5 0.51 10 4.0x 10"6 3.05 
AH5 1.23 1.31x 10-4 0.31 10 4.0 x 10-6 3.05 
AH6 1.08 1.15 x 10-4 0.35 10 4.0x 10·6 3.05 
Table 3.4 Absorptivity and maximum absorption wavelengths of AH2, AH4, AH5 and AH6 from 
UV-Vis absorption spectroscopy in CH2C'2 solution. 
Dye Absorbance E (M·1 cm·1) Amax (nm) 
AH2 0.52 13.0 x 104 502 
AH4 0.424 10.6 x 104 505 
AH5 0.378 9.4 x 104 505 
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3.2.2 Steady State and Time-Resolved Fluorescence Spectroscopy 
The prepared concentration of 4 x 10·6 M for AH2, AH4, AHS and AHG in CH2Cli were used for 
the steady state measurement using the FSS spectrofluorometer Edinburgh Instrument 
discussed in section 2.3.2 above. The dyes were all excited at wavelength of 375nm and the 
resulting emission spectrum is depicted in Figure 3.3 below. In the same vein the exponential 
tail fitting for the lifetime of AH2, AH4, AHS and AHG were obtained using the prepared 
concentration stated above. The resulting tail fitting is represented in Figure 3.4-3. 7 for all the 
four dyes. 
The four dyes had their maximum absorption at similar wavelength. However, absorption 
coefficient varied largely for the dyes. The longer wavelength of emission and broader 
absorption for AH2 (2, 9-phenanthroline BODIPY dye) as seen in the Table 3.5 and Figure 3.3 
below can be attributed to the presence of two BODIPY moieties on the phenanthroline ring. 
However, AH4 (2-QBDP) exhibited a longer wavelength of emission as compared to AHS (3-
QBDP) and AHG (4-QBDP). The longer wavelength of emission which translates to lower energy 
is being influenced by the structural conformation of the BODI PY moiety on the quinoline ring. 
The nitrogen atom lone pair on the quinoline ring has the probability of enabling an extended 
delocalization of the electronic n- systems.66 This extended TC-systems enabled AH4 to emit at a 
higher wavelength as compared to AHS and AHG. 
The relative distance of the BODIPY moiety in relation to the lone pair on the nitrogen atom 
plays key role in establishing the degree of delocalization of the electronic TC- systems. The 
proximity of the nitrogen lone pair on the quinoline ring to the conjugated system of the 
BODIPY moiety in AH4 enabled the effective delocalization which justifies the longer 
wavelength of emission as compared to that of AHS and AHG. 
The residual of the single exponential tail fitting of AHS and AHG was almost linear which 
showed that the two dyes had only one lifetime. However, AH2 and AH4 residuals were non­
linear. This shows that AH2 and AH4 are more likely to have two life time results though only 
one lifetime result was reported for the two dyes. AH6 exhibited a better life time of 6.08 ns 
this demonstrates that AHG spends a longer time at the excited state before returning back to 
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the ground state. The trend of lifetime was observed to decline in this order AH6> AH5> AH4> 
AH2. The life time of AH2 and AH4 were significantly low and this was a similar trend observed 
for the fluorescence emission intensity of the two dyes. 
In Figure 3.3 below the fluorescence emission intensity of AH5 and AH6 was significantly higher 
as compared to that of AH2 and AH4. This was in good correlation to the lifetime result 
obtained as seen in Table 3.5. To adequately justify the low fluorescence emission intensity of 
AH2 and AH4, the fluorescence quantum yield of AH2, AH4, AH5 and AH6 was studied. 
Table 3.5 Steady state and ti�e-resolved fluorescence measurement of AH2, AH4, AH5 and 
AH6 in CH2Cli solution at room temperature. 
BODIPY Dyes Aexcit (nm) Aem (nm) Ti/z (ns) 
AH2 375 535 0.53 
AH4 375 525 0.36 
AH5 375 515 2.11 
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Figure 3.3 Fluorescence Emission Spectrum of AH2, AH4, AHS and AH6 in CH2C'2 solution at 
room temperature 
Figure 3.4 Single Exponential Tail fitting of lifetime for AH2 in CH2C'2 at room temperature 
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Figure 3.5 Single Exponential Tail fitting of lifetime for AH4 in CH2Cli at room temperature 
Figure 3.6 Single Exponential Tail fitting of lifetime for AHS in CH2Cl2 at room temperature 
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Figure 3.7 Single Exponential Tail fitting of lifetime for AH6 in CH2Cli at room temperature 
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3.3.3 Quantum Yield Determination 
In section 3.2.1 and 3.2.2, some photophysical properties of BODIPY dyes AH2, AH4, AHS and 
AH6 were studied. It was established that AH2 and AH4 had a higher extinction coefficient and 
long wavelength of emission than AHS and AH6. However, from Figure 3.3 the fluorescence 
emission count of AHS and AH6 were 10 times greater than that of AH2 and AH4. Also, the 
lifetime measurement of the dyes which were determined by the exponential tail fitting 
showed that AH6 had a longer life time than the other dyes. To adequately understand the 
variation in the fluorescence emission count of the dyes, the quantum yield of the dyes was 
studied. 
Review of fluorescence emission spectrum of the four dyes from the quantum yield 
determination showed that fluorescence intensity of AH6 was the highest which was much like 
the intensity of the emission spectrum of the reference R6G. The same trend of fluorescence 
intensity was observed for the four dyes in Figure 3.3 above. Intensity of fluorescence emission 
for five replicate scans of the four dyes was observed to be in the order of AH6>AHS>AH4>AH2. 
The trend observed from the fluorescence emission spectrum of the quantum yield 
determination below was also the same with the life time of the four dyes represented in 
Figure 3.4 -3. 7 above. It has been established that life time is an intrinsic property of quantum 
yield, the trend in the Fl intensity as seen below justifies the life time results reported in Table 
3.5 above. 
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Figure 3.8: Absorption spectrum for R6G in ethanol at different concentrations 
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Figure 3.9: Fluorescence emission spectrum of R6G in ethanol at different concentrations 
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Figure 3.13 Plot of Integrated fluorescence intensity from Emission spectrum of AH2 against its 

















Absorption spectrum of AH4 in CH2Cl2 at different concentrations 
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Flourescence Emission Spectrum of AH4 at different concentrations 
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Figure 3.16 Plot of Integrated fluorescence intensity from Emission spectrum of AH4 against its 
absorbance value at 488 nm. 
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Figure 3.17 Absorption spectrum of AHS in  CH2C'2 at different concentrations 
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Figure 3.19 Plot of Integrated fluorescence intensity from Emission spectrum of AHS against its 
















Absorption spectrum of AH6 in CH2Cl2 at different concentrations 
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Flourescence Emission Spectrum of AH6 at different concentrations 
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Figure 3.22 Plot of Integrated fluorescence intensity from Emission spectrum of AH6 against its 
absorbance value at 488 nm. 
Table 3.6 Quantum yield values of AH2, AH4, AH4, AHS and AHG 






3.4 Fluorescence Quenching Mechanism of Quinoline-functionalized BODI PY dyes 
The calculated quantum yield values from Table 3.6 above showed that the quantum yield was 
significantly high in AH6 and lowest for AH4. This was in correlation with the fluorescence 
emission spectrum obtained in  Figure 3.3 above. 
However, it was expected that the presence of two BODIPY moieties In AH2 (2,9-
phenanthroline BODIPY) which accounted for its high absorption coefficient value will 
ultimately influence its fluorescence quantum yield, since quantum yield is a measure of the 
ratio of photons emitted to photons absorbed. 
In the same vein, the high absorption coefficient of AH4 which was attributed to extended 
delocalization of the n-system conjugation from the lone pair on the nitrogen atom into the 
BODIPY core does not seem to influence its fluorescence quantum yield. 
To establish a relationship between the nitrogen atom lone pair and the BODIPY cores of the 
quinoline rings, the boron-nitrogen distance was determined from the ORTEP diagram of AH2, 
AH4, AHS and AH6 in Figure 3.1 and plotted against the respective quantum yield values of 
AH2, AH4, AHS and AH6 as seen in Figure 5.0 below. It was observed from the B-N distance 
measurement that, the longer the B-N distance, the higher its corresponding quantum yield 
obtained. 
Table 3.7 Quantum yield values and B-N distance obtained from X-ray crystal structure of AH2, 
AH4, AH4, AHS and AH6 
BODIPY Dyes Quantum Yield B-N Distance 
AH2 0.110 5.217A0 
AH4 0.045 5.204A0 
AHS 0.298 6.634A0 
AH6 0.890 7.324A0 
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Figure 3.23 linear plot of the B-N distance of AH2, AH4 AHS and AH6 against their respective 
quantum yield values. 
The linear plot seen above showed that the fluorescence quantum yield of the BOOIPY dyes is 
directly proportional to the B-N distance. This relationship envisages that the distance of the 
nitrogen atom lone pair to the BODIPY core has a major influence on the efficiency of the 
fluorescence quantum yield. 
However, it was reported that the fluorescence emission of BODIPY dyes can be influenced by 
photo-induced electron transfer (PeT) process.44 Results from this study established that the 
longer the B-N distance, the higher the fluorescence quantum yield. Since the nitrogen lone pair 
is present in all the quionline BODIPY dyes studied, reductive-Per process will occur a 
phenomenon typical of electron donating group attached to phenyl ring on a BODIPY core. 
However, result obtained from this study showed that the efficiency of the reductive -PeT 
process diminishes with respect to the B-N distance as seen in Table 3.6. The shorter the B-N 
distance, the more enhanced the electron transfer process and the stronger the fluorescence 
quenching effect observed. This explains the low fluorescence quantum yield observed for AH2 
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(2,9-phenanthroline BODIPY) and AH4 (2-Quinoline BODIPY). AH5 and AH6 had a longer B-N 


























Figure 3.24 Fluorescence quenching mechanism of AH2 and AH4 
3.5. UV-VIS Absorption Study of Derivatized BODI PY dyes 
The UV-Vis absorption spectrum of the derivatized BODIPY dyes for ln (11 1)-cored complexes is 
depicted in Figure 3.3 below. The absorption coefficient and broadness of the peaks were 
primarily dependent on the substituents attached to the BODIPY core. All the dyes produced 
strong absorption peaks between 500 nm - 645 nm. 
When considering the derivatized BODIPY dyes, AH7 produced the narrowest band at 502 nm. 
Its absorption coefficient was 13.4 x 104 M"1 cm·1. Upon iodination, the absorption was 
broadened and red-shifted by 32 nm and the absorption coefficient dropped to 11.8 x 104 M-1 
cm·1. Upon substitution of the iodinated BODI PY (AH8) with 1 mole of 4-ethynyl benzoic acid via 
Sonogashira coupling, the absorption coefficient of the new derivatized BODIPY Dye (AH9) 
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increased significantly to 16.4 x 104 M-1 cm-1 and the absorbance was broadened and red­
shifted by 17nm. Further derivatization of BODIPY Dye AH7 into di-substituted Styryl BODIPY 
{AHlO) at position 3 & 5 of the pyrrolic ring decreased the absorption coefficient to 9. 7 x 104 M-
1 cm-1. However, the absorption was broadened and red shifted by 143 nm. Substitution of the 
iodinated group on position- 6 of the pyrrolic ring of BODIPY Dye AHlO with 4-amino benzene 
resulted in a broader absorption. The 4-amino benzene Styryl BODIPY Dye {AHll) had same 
wavelength of maximum absorption as AHlO but the absorption coefficient was enhanced to 
1.36 x 105 M-1 cm-1 due to the increased conjugation. 
Table 3.8 Concentration of dye solutions used for UV-Vis absorbance measurement. 
Dye m Dye, Stock Cone. of Vol. of stock Vol. of Cone. Of Vol. of 
(mg) stock (C1) used for diluted diluted diluted 
(mol/l) dilution (V1) solution (V2) solution (C2) solution used 
(ml) (ml) (mol/L) in cuvette 
(ml) 
AH7 2.00 2.18 x 104 0.183 10 4.0 x 10-6 3.05 
AH8 0.90 5.82 x 10-5 0.69 10 4.0x 10·0 3.05 
AH9 2.40 1.51 x 104 0.27 10 4.0x 10·0 3.05 
AHlO 1.30 6.33 x 10·5 0.63 10 4.0x 10'6 3.05 
AHll 1.00 5.07x 10-5 0.79 10 4.0x 10·0 3.05 
86 
Table 3.9 Absorptivity and maximum absorption wavelengths of AH7, AH8, AH9, AHlO and 
AHll from UV-Vis absorption spectroscopy in CH2C'2 solution. 
Dye Absorbance E (M-1 cm-1) Amax (nm) 
AH7 0.54 13.4 x 104 502 
AH8 0.47 11.8 x 104 534 
AH9 0.66 16.4 x 104 551 
AHlO 0.39 9.7 x 104 645 
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Figure 3.25 UV-Vis absorption spectra of AH7, AH8, AH9, AHlO and AH11 at room temperature 
in CH2Cli solution. 
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3.6 Steady State and Time-Resolved Fluorescence Spectroscopy of derivatized BODIPV Dyes 
The prepared concentration of 4 x 10-6 M for AH7, AH8, AH9, AHlO and AHll in CH2Ch were 
used for the steady state measurement using the spectroflourometer FSS Edinburgh Instrument 
discussed in section 2.3.2 above. The dyes were all excited at wavelength of 375 nm and the 
resulting emission spectrum is depicted in Figure 5.3 below. In the same vein, the exponential 
tail fitting for the lifetime of AH7, AH9 and AHll were obtained using the prepared 
concentration stated above. The resulting tail fitting is represented in Figure 5.4 for AH7, AH9 
and AHll. 
Review of Figure 3.21 below showed that AH7 had the shortest wavelength of emission but the 
highest fluorescence intensity. The wavelength of emission was 512 nm which is much like the 
wavelength BODIPY dyes emit in the visible region. The fluorescence intensity of AH7 according 
to Figure 3.21 below was reported to be 1.3 x 106 counts. This was 10 times higher intensity 
than the fluorescence intensity of AH8, AH9, AHlO and AHll. The reason for it was because 
AH7 was BODIPY dye synthesized directly from mesitaldehyde without any derivatization. AH8 
(iodinated BODIPY dye) had its emission at 550 nm with a bathochromic shift of 38 nm as 
compared to the parent BODIPY dye AH7 which had its emission at 512 nm. AH7 became red­
shifted because of the substitution of iodine atoms at position 2 and 6 of the BODI PY unit, the 
iodine atoms induce a heavy atom effect which enhances spin-orbit coupling and facilitates 
inter-system crossing of the dye to its triplet state. This process causes the fluorescence 
quantum yield of AH8 to be significantly quenched which explains why the fluorescence 
intensity of AH8 was reported to be 1.3 x 105 counts. AH9 (iodinated BODIPY benzoic acid) 
which was obtained from derivatization of AH8 was also red-shifted by 26 nm from its parent 
compound AH8. This was due to the substitution of the iodine atom on C6 with 4-ethynyl 
benzoic acid. This new chromophoric group made AH9 to have a negligible increase in 
fluorescence intensity (1.5 x 105 counts) than AH8. AHlO was derivatized from AH8 via 
Knoevenagel condensation reaction in which 4-methyl benzaldehyde was substituted on 
position of C3 and CS of the BODI PY unit. The result of the condensation yielded a di-styryl-p­
methyl-di iodinated BODIPY dye which was red-shifted in its emission wavelength by 118 nm as 
compared to its precursor dye AH8. AHlO also had a broader emission spectrum and higher 
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fluorescence intensity as compared to its precursor dye AH8. The significant difference in the 
emission spectrum of AH8 and AHlO is due to the two styryl units on position 3 and 5 of the 
BODIPY dye unit in AHlO. However, AHll which was obtained via Suzuki coupling reaction from 
AHlO was more red-shifted than AHlO in its emission spectrum by 13 nm. Its emission 
spectrum was also broader but its fluorescence intensity was two times lower than that of 
AHlO. The reason for this is due to the 4-aminobenzene group which has already been 
substituted for the iodine group on CG of AHlO. The amine group in AHll is a strong electron 
donating group which is electron transfer into the BODIPY core can quench the fluorescence 
intensity of the dye. 
The exponential tail fitting showed that AH7 had the highest life time of 2.14 ns as compared to 
AH9 with life time of 0.70 ns and AHll with life time of 0.97 ns. The reasons for this is not far­
fetched, the other two compounds AH9 and AHll have their C3 already substituted with iodine 
atom which quenches fluorescence. Fluorescence quantum yield is an intrinsic property of life 
time, therefore quenching fluorescence will ultimately lead to reduction of life time value of the 
dyes. 
Table 3.10 Steady state and time-resolved fluorescence measurement of AH7, AH8, AH9, AHlO 
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Figure 3.26 Flourescence Emission spectum of AH7, AH8, AH9, AHlO and AHll at room 
temperature in CH2Cli solution. 
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Figure 3.27 Single Exponential Tail fitting of lifetime for AH7 in CH2Cli at room temperature 
Figure 3.28 Single Exponential Tail fitting of lifetime for AH9 in CH2Cli at room temperature 
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Figure 3.29 Single Exponential Tail fitting of lifetime for AHll in CH2Cli at room temperature 
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3.7 BODIPY dye Derivatized ligands for Synthesis of lanthanide complexes 
2, 9-Phenanthroline BODIPY dyes (AH2) was originally synthesized to act as an "antenna" for 
efficient energy transfer onto Ln3+ ion. The choice of this BODI PY ligand was due to the position 
of the BODIPY cores on position 2 and 9 of the phenanthroline ring which is expected to 
prevent interaction of solvent molecules with the Ln3+ ion center. Synthesis of the Ytterbium 
(Il l} acetate hydrate with AH2 was not successful .  Reaction of other compounds of Ytterbium 
that could confer a co-ordination number of +6, +7 or +8 with AH2 was not successful except 
for ytterbium chloride (YbCl3). Ytterbium chloride was not an ideal choice because the Yb3+ ion 
will not be able to attain +6 co-ordination. It was further established that reactions of AH2 was 
not successful with most compounds of ytterbium due to steric hindrance from the BODIPY 
moieties at the 2 & 9-positions of the phenanthroline rings. However, AH2 showed significant 
low fluorescence in different solvent and its fluorescence quenching mechanism was 






Figure 3.30 Synthesis of 2, 9-phenanthroline BODI PY ytterbium complex. 
To this end, new novel BODIPY dye derivatized ligand AH9 was prepared. Reaction of AH9 with 
YbC'3 and 1, 10-phenanthroline (auxiliary ligand), was not successful based on Near infra-red 
emission scan for respective bands obtained after column chromatography purification of the 
reaction mixture. Similar reactions of AH9 with ytterbium triflate was conducted in the absence 
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of auxiliary ligands and respective bands obtained after column chromatography purification 
was scanned between 900-llOOnm on the FSS spectrofluorometer for NIR emission. The last 
band from the column chromatography separation showed weak emission spectrum in this 
region. The solid samples of the last band were obtained after removal of solvent. However, 








Figure 3.31 Synthesis of BODIPY-benzoic acid ytterbium (11 1)-cored complex. (a) in the presence 
of auxiliary ligands (b) in the absence of auxil iary ligand. 
Styryl di-iodinated BODIPY dyes (AHlO) were synthesized from AH8 as seen in synthetic route 
for AHlO (Figure 2.10). AHlO was further derivatized to prepare amino benzene derivative 
AHll. Table 3.5 and 3.6 above showed that AHll had a very broad absorption (Amax = 645 nm) 
and a deep red emission (Aem =681 nm). This derivatized ligand satisfies one of the 
requirement of Dexter mechanism which requires that for efficient energy transfer from the 
ligand triplet state to the 4f level of the lanthanide ion, there should be good overlap between 
the phosphorescence spectrum of the ligand and the absorption spectrum of the lanthanide ion 
which means the distance between the antenna ligand and the receiving lanthanide ion should 
be reasonably close. It has been established that distances larger than 5 A0, will reduce energy­
transfer efficiency. Designing an antenna ligand such as AHll is bel ieved to sensitize 
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Lanthanide ion more effectively dues to its high absorption coefficient in the visible region, 
deep red emission and heavy atom effect of iodine atom which helps facilitate intersystem 




The continuous search for advanced materials that can effectively diagnose or monitor human 
health has led to the discovery of several fluorescent materials. However, the test sensitivity of 
fluorescent materials strongly relies upon the ratio of material's fluorescent intensity and 
background signals. The significant overlap of biological substrate autofluorescence and 
fluorescence from commercially available probes dramatically compromises detection 
sensitivity. Commercially available probes also require UV or near-UV light excitation, causing 
severe degradation of biological substrates. Alternative probes such as lanthanide complexes 
that can emit in the near-infrared region are of high interest to overcome these shortcomings 
because biological substrates do not exhibit NIR emission. It has been established that effective 
lanthanide complex N IR  emission is achieved majorly by energy transfer from excited triplet 
state of an antenna ligand to its coordinated lanthanide ion center. An underlying requirement 
in designing lanthanide complexes is to therefore synthesize an antenna ligand with high 
absorption coefficients, strong capability to indirectly populate the excited states of the Ln3+ ion 
by high efficient energy transfer, broader absorption in the visible region and minimization of 
non-radiative deactivation pathways by designing a ligand that can sufficiently achieve higher 
coordination sites with the lanthanide ion center. 
2,9-phenanthroline BODIPY dye was synthesized from 2,9-dicarbaldehyde-1,10-phenanthroline 
to act as an antenna ligand. The approach of synthesizing the dye was due to its structural 
conformation such that it will prevent interaction of solvent molecules with lanthanide ion 
center. Photophysical study conducted showed that 2,9-phenanthroline BODIPY Dye had a 
significant low fluorescence emission count. To understand the poor fluorescence emission of 
the proposed antenna ligand, AH4, AHS and AH6 was synthesized from there quinoline­
aldehyde derivatives. Results from photophysical studies showed similarities in the 
photophysical properties of 2,9-phenanthroline BODIPY and AH4. A relationship was 
established from the quantum yield results and their B-N distance. It was observed that when 
B-N distance becomes longer, the quantum yield of the dye becomes higher and enhanced. 
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Reductive photo-induced electron transfer (a-PeT) was justified to be the underlying factor 
responsible for the low fluorescence quantum yield of AH2 and AH4. The B-N distance obtained 
from the bond length of the boron on the BODIPY core to the Nitrogen-atom on the quinoline 
ring further established that the efficiency of the a-PeT process. 
lodinated-BODIPY-benzoic acid was synthesized from mesitaldehyde via three major synthetic 
pathways. First mesitaldehyde was converted to its BODIPY dye derivative and later iodinated 
via iodination reaction. The antenna ligand was synthesized from di-iodinated BODIPY dye via 
Sonoghashira coupling reaction and the reaction yield was 29.06%. The antenna ligand had a 
broad absorption at 551 nm, high absorption coefficient (16.4 x 104 M·1cm·1) and emission 
wavelength of 576 nm. 3 moles of the antenna ligand were used in synthesizing a Ln(ll l)-cored 
complexes of ytterbium triflouromethanesulfonate hydrate to establish a Ln3+ ion complex with 
nine co-ordination sites but the dark solid sample obtained after filtering the reaction mixture 
was not soluble in many non-polar solvents. 
4-amino benzene-iodinated Styryl BODIPY dye was synthesized from di-iodinated BODIPY dye 
(AH8). First, AH8 undergo a Knoevenagel condensation reaction with tolualdehyde in presence 
of p-toluene sulfonic acid and Piperidine to form product AHlO (di-Styryl substituted iodinated 
BODIPY) with a calculated yield of 16.13 %. AHll (4-amino benzene-iodinated Styryl BODIPY 
dye) was prepared by Suzuki coupling reaction of AHlO with 4-amino-benzene boronic acid 
pinacol ester in the presence of Pd (PPh3)4 and the product yield was 11.42%. AHll had a broad 
absorption at 645 nm, high absorption coefficient (1.35 x 105 M·1cm·1) and emission wavelength 
of 681 nm. The deep red emission and broad absorption of AH11 makes it a unique antenna 
ligand that can be deployed for sensing of Lanthanide ion. The next phase of this research work 
shall focus on reaction AHll with 1,10-phenanthroline isothiocyanate. The product obtained 
will then ultimately be reacted with lanthanide salts to obtain a complex. 
97 
References 
(1) Tallury, P.; Malhotra, A.; Byrne, l. M.; Santra, S. Nanobioimaging and Sensing of 
Infectious Diseases. Advanced Drug Delivery Reviews 2010, 62 (4-5), 424-437. 
(2) Giepmans, B. N. G.; Adams, S.  R.; Ellisman, M. H.; Tsien, R. Y. The Fluorescent Toolbox for 
Assessing Protein Location and Function. Science 2006, 312 (5771), 217-224. 
(3) Wu, J.; Wang, G.; Jin, D.; Yuan, J.; Guan, Y.; Piper, J .  Luminescent Europium Nanoparticles 
with a Wide Excitation Range from UV to Visible Light for Biolabeling and Time-Gated 
Luminescence Bioimaging. Chemical communications (Cambridge, England). 2008, pp 
365-367. 
(4) Lin, Y.; Weissleder, R.; Tung, C. Novel Near-Infrared Cyanine Fluorochromes : Synthesis ,  
Properties , and Bioconjugation. 2002, 605-610. 
(5) Green, M. Semiconductor Quantum Dots as Biological Imaging Agents. Angewandte 
Chemie - International Edition 2004, 43 (32), 4129-4131. 
(6) Derfus, a M.; Chan, W. C. W.; Bhatia, S. N. Probing the Cytotoxicity of Semiconductor 
Quantum Dots, Supp. Info. Nano Letters 2004, 4 (1), 11-18. 
(7) Billard, I.; Mekki, S.; Gaillard, C.; Hesemann, P.; Moutiers, G.; Mariet, C.; Labet, A.; Bunzli, 
J. C. G. Eull I Luminescence in a Hygroscopic Ionic Liquid: Effect of Water and Evidence for 
a Complexation Process. European Journal of Inorganic Chemistry 2004, No. 6, 1190-
1197. 
(8) Arenz, S.; Babai, A.; Binnemans, K.; Driesen, K.; Giernoth, R.; Mudring, A. V.; Nockemann, 
P. Intense near-Infrared Luminescence of Anhydrous lanthanide(lll) Iodides in an 
lmidazolium Ionic Liquid. Chemical Physics Letters 2005, 402 (1-3), 75-79. 
(9) Martin-Ramos, P.; Miranda, M. D.; Silva, M. R.; Eusebio, M. E. S.; Lavin, V.; Martin-Gil, J. A 
New near-IR Luminescent erbium(lll) Complex with Potential Application in OLEO 
Devices. Polyhedron 2013, 65 (January), 187-192. 
(10) He, H. Near-Infrared Emitting Lanthanide Complexes of Porphyrin and BODIPY Dyes. 
98 
Coordination Chemistry Reviews 2014, 273-274 (January 2013}, 87-99. 
(11) Bunzli, J. G . .  ; Choppin, G. R. Lanthanide Probes in Life, Chemical and Earth Sciences 
Theory and Practice. Spectrochimica Acta Part A: Molecular Spectroscopy 1990, 46 (12), 
1797. 
(12) Walton, J .  W.; Bourdolle, A.; Butler, S. J.; Soulie, M.; Delbianco, M.; McMahon, B. K.; Pal, 
R.; Puschmann, H.; Zwier, J. M.; Lamarque, L.; et al. Very Bright Europium Complexes 
That Stain Cellular Mitochondria. Chemical Communications 2013, 49 (16), 1600. 
(13) Li, Q.; Li, T.; Wu, J .  Luminescence of europium(ll l} and terbium(ll l) Complexes 
Incorporated in Poly(vinyl Pyrrolidone) Matrix. Journal of Physical Chemistry 8 2001, 105 
(49), 12293-12296. 
(14) Heine, J.; Muller-Buschbaum, K. Engineering Metal-Based Luminescence in Coordination 
Polymers and Metal-organic Frameworks. Chemical Society Reviews 2013, 42 (24), 9232. 
(15) Carnall, W. T.; Fields, P.  R.; Wybourne, B. G. Spectral Intensities of the Trivalent 
Lanthanides and Actinides in Solution. I. Pr3+, Nd3+, Er3+, Tm3+, and Yb3+. The Journal 
of Chemical Physics 1965, 42 (11), 3797-3806. 
(16) Heffern, M. C.; Matosziuk, L. M.; Meade, T. J. Lanthanide Probes for Bioresponsive 
Imaging. Chemical Reviews 2014, 114 (8), 4496-4539. 
(17) Sguerra, F.; Bulach, V.; Hosseini, M. W. Molecular Tectonics: Zinc Coordination Networks 
Based on Centric and Acentric Porphyrins Bearing Pyridyl Units. Dalton Transactions 
2012, 3549-3558. 
(18) Citation Classics. Stress: The International Journal on the Biology of Stress 1977, No. 13, 
1977. 
(19) Leonard, J .  P.; Gunnlaugsson, T. Luminescent Eu(lll) and Tb(lll) Complexes: Developing 
Lanthanide Luminescent-Based Devices. Journal of Fluorescence 2005, 15 (4), 585-595. 
(20) Lee, M.; Tremblay, M. S.; Jockusch, S.; Turro, N .  J.; Sames, D. Intermolecular Energy 
Transfer from Tb 3+ to Eu 3+ in Aqueous Aggregates and on the Surface of Human Cells. 
99 
Organic Letters 2011, 13 (11), 2802-2805. 
(21) Quochi, F.; Orru, R.; Cardella, F.; Mura, A.; Bongiovanni, G.; Artizzu, F.; Deplane, P.; 
Mercuri, M. L.; Pilia, L.; Serpe, A. Near Infrared Light Emission Quenching in 
Organolanthanide Complexes. Journal of Applied Physics 2006, 99 (5). 
(22) Tillack, A.; Garcia Castro, I.; Hartung, C. G.; Beller, M. Anti-Markovnikov Hydroamination 
of Terminal Alkynes. Angewandte Chemie - International Edition 2002, 41 (14), 2541-
2543. 
(23) Jayakumar Prabaharan M. Muzzarelli R.A.A, R. Advances in Polymer Science; 2011. 
(24) Awamura, Y. K.; Ada, Y. W.; Anagida, S. Y. Near-Infrared Photoluminescence and 
Electroluminescence of Neodymium ( I l l  ), Erbium ( I l l  ), and Ytterbium ( Ill ) Complexes. 
2001, 40 (1), 350-356. 
(25) Hu, J.-Y.; Ning, Y.; Meng, Y.-S.; Zhang, J.; Wu, Z.-Y.; Gao, S.; Zhang, J.-L. Highly Near-IR­
Emissive Ytterbium(lll) Complexes with Unprecendented Quantum Yields. Chem. Sci. 
2017. 
(26) He, H. Near-Infrared Emitting Lanthanide Complexes of Porphyrin and BODI PY Dyes. 
Coordination Chemistry Reviews 2014, 273-274, 87-99. 
(27) Zhu, X. J.; Zhang, T.; Zhao, S.; Wong, W. K.; Wong, W. Y. Synthesis, Structure, and 
Photophysical Properties of Some gadolinium(lll) Porphyrinate Complexes. European 
Journal of Inorganic Chemistry 2011, No. 22, 3314-3320. 
(28) Zhu, X.; Wong, W. K.; Wong, W. Y.; Yang, X. Design and Synthesis of near-Infrared 
Emissive Lanthanide Complexes Based on Macrocyclic Ligands. European Journal of 
Inorganic Chemistry 2011, No. 30, 4651-4674. 
(29) Sun, L. N.; Zhang, H. J.; Meng, Q. G.; Liu, F. Y.; Fu, l. S.; Peng, C. Y.; Yu, J .  B.; Zheng, G. l.; 
Wang, S. Bin. Near-Infrared Luminescent Hybrid Materials Doped with Lanthanide (Ln) 
Complexes (Ln = Nd, Yb) and Their Possible Laser Application. Journal of Physical 
Chemistry B 2005, 109 (13), 6174-6182. 
100 
(30) He, H.; Sykes, A. G.; Galipeau, D.; Ng, S. W.; Ropp, M. Crystallography and 
Photoluminescence Properties of ??-Diketonate Monoporphyrinate ytterbium(lll) 
Complexes. Inorganic Chemistry Communications 2008, 11 (9), 1051-1053. 
(31) Zhang, T.; Zhu, X.; Cheng, C. C. W.; Kwok, W. M.; Tam, H. L.; Hao, J.; Kwong, D. W. J.; 
Wong, W. K.; Wong, K. L. Water-Soluble Mitochondria-Specific Ytterbium Complex with 
Impressive NIR Emission. Journal of the American Chemical Society 2011, 133 (SO), 
20120-20122. 
(32) McKendrick, K. G. Principles and Applications of Photochemistry; 1989; Vol. 36. 
(33) Ke, X. S.; Yang, B. Y.; Cheng, X.; Chan, S. L. F.; Zhang, J. L. Ytterbium(lll) Porpholactones: �­
Lactonization of Porphyrin Ligands Enhances Sensitization Efficiency of Lanthanide near­
Infrared Luminescence. Chemistry - A  European Journal 2014, 20 (15), 4324-4333. 
(34) Moore, E. G.; Benaglia, M.; Bergamini, G.; Ceroni, P. Synthesis, Stability and Sensitised 
Lanthanide Luminescence of Heterobimetall ic D/f Terpyridine Complexes. European 
Journal of Inorganic Chemistry 2015, 2015 (3), 414-420. 
(35) Kelly, N. R.; Goetz, S.; Batten, S. R.; Kruger, P. E. Coordination Behaviour and Network 
Formation with 4,4 ',6,6 '-Tetracarboxy-2,2 '-Bipyridine and 4,4 '-Dicarboxy-2,2 '­
Bipyridine Ligands with Rare and Alkaline Earth Metals. Crystengcomm 2008, 10 (1), 68-
78. 
(36) Bourdolle, A.; Alla Ii, M.; D' Aleo, A.; Bal deck, P. L.; Kamada, K.; Williams, J. a G.; le Bozec, 
H.; Andraud, C.; Maury, 0. Influence of the Metal Ion on the Two-Photon Absorption 
Properties of Lanthanide Complexes Including Near-IR Emitters. Chemphyschem : a 
European journal of chemical physics and physical chemistry 2013, No. February, 3361-
3367. 
(37) Faulkner, S.; Natrajan, L. S.; Perry, W. S.; Sykes, D. Sensitised Luminescence in Lanthanide 
Containing Arrays and D-F Hybrids. Dalton transactions (Cambridge, England : 2003} 
2009, No. 20, 3890-3899. 
101 
(38) Xu, H. B.; Zhang, L. Y.; Chen, X. M.; Li, X. N.; Chen, Z. N. Modulation of Pt ??? Ln Energy 
Transfer in PtLn2 (Ln = Nd, Er, Yb) Complexes with 2,2???-bipyridyl/2,2???:6???2???­
Terpyridyl Ethynyl Ligands. Crystal Growth and Design 2009, 9 (1), 569-576. 
(39) Boulay, A.; Deraeve, C.; Vander Elst, L.; Leygue, N.; Maury, O.; Laurent, S.; Muller, R. N.; 
Mestre-Voegtle, B.; Picard, C. Terpyridine-Based Heteroditopic Ligand for 
Ru11Ln<inf>3</inf>111 Metallostar Architectures (Ln = Gd, Eu, Nd, Yb) with MRI/optical or 
Dual-Optical Responses. Inorganic Chemistry 2015, 54 (4), 1414-1425. 
(40} Kotkova, Z.; Kotek, J.; J irak, D.; Jendelova, P.; Herynek, V.; Berkova, Z.; Hermann, P.; 
Lukes, I .  Cyclodextrin-Based Bimodal fluorescence/MRI Contrast Agents: An Efficient 
Approach to Cellular Imaging. Chemistry - A European Journal 2010, 16 (33}, 10094-
10102. 
(41) Artizzu, F.; Mercuri, M. L.; Serpe, A.; Deplane, P. NIR-Emissive Erbium-Quinolinolate 
Complexes. Coordination Chem istry Reviews 2011, 255 (21-22), 2514-2529. 
(42) Nonat, A.; Imbert, D.; Pe, J.; Giraud, M.; Mazzanti, M. Structural and Photophysical 
Studies of Highly Stable Lanthanide Complexes of Tripodal 8-Hydroxyquinolinate Ligands 
Based on 1 ,  4 ,  7-Triazacyclononane. 2009, 37 (9), 4207-4218. 
(43) Bozoklu, G.; Marchal, C.; Pecaut, J.; Imbert, D.; Mazzanti, M. Structural and Photophysical 
Properties of Trianionic Nine-Coordinated near-IR Emitting 8-Hydroxyquinoline-Based 
Complexes. Dalton transactions (Cambridge, England :  2003} 2010, 39, 9112-9122. 
(44) Loudet, A.; Burgess, K. BODIPY Dyes and Their Derivatives:&nbsp; Syntheses and 
Spectroscopic Properties. Chemical Reviews 2007, 107 (11), 4891-4932. 
(45) Ulrich, G.; Ziessel, R.; Harriman, A. The Chemistry of Fluorescent Bodipy Dyes: Versatility 
Unsurpassed. Angewandte Chemie - International Edition 2008, 47 (7), 1184-1201. 
(46) Li, L.; Nguyen, B.; Burgess, K. Functionalization of the 4,4-Difluoro-4-Bora-3a,4a-Diaza-S­
lndacene (BODI PY) Cqre. Bioorganic and Medicinal Chemistry Letters 2008, 18 (10), 
3112-3116. 
102 
(47) Thivierge, C.; Bandichhor, R.; Burgess, K. Spectral Dispersion and Water Solubil ization of 
BODIPY Dyes via Palladium-Catalyzed C-H Functionalization. Organic Letters 2007, 9 (11), 
2135-2138. 
(48) Descalzo, A. B.; Xu, H. J.; Shen, Z.; Rurack, K. Red/near-Infrared Boron-Dipyrromethene 
Dyes as Strongly Emitting Fluorophores. Annals of the New York Academy of Sciences 
2008, 1130, 164-171. 
(49) Baruah, M.; Qin, W.; Basari??, N.;  De Borggraeve, W. M.; Soens, N. BODIPY-Based 
Hydroxyaryl Derivatives as Fluorescent pH Probes. Journal of Organic Chemistry 2005, 70 
(10), 4152-4157. 
(50) Tikhomirova, K. V; Khoroshutin, A. V; Anisimov, A. V. Diethyl (biscyclohexano)BODIPY 
Dicarboxylates. Chelation of Alkaline-Earth Metal Ions and Sensor Properties. Russian 
Journal of Organic Chemistry 2014, 50 (2), 229-239. 
(51) Silva, A. P.; Gunaratne, H.  Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.; McCoy, C. P.; 
Rademacher, J .  T.; Rice, T. E. Signaling Recognition Events with Fluorescent Sensors and 
Switches. Chemical Reviews 1997, 97 (5), 1515-1566. 
(52) Koutaka, H.; Kosuge, J.; Fukasaku, N.; Hirano, T.; Kikuchi, K.; Urano, Y.; Kojima, H.; 
Nagano, T. A Novel Fluorescent Probe for Zinc Ion Based on Boron Dipyrromethene 
(BODI PY) Chromophore. Chemical & pharmaceutical bulletin 2004, 52 (6), 700-703. 
(53) Coskun, A.; Deniz, E.; Akkaya, E. U. Effective PET and ICT Switching of Boradiazaindacene 
Emission: A Unimolecular, Emission-Mode, Molecular Half-Subtractor with 
Reconfigurable Logic Gates. Organic Letters 2005, 7 (23), 5187-5189. 
(54) Pitto-Barry, A.; Barry, N. P. E.; Russo, V.; Heinrich, B.; Donnio, B.; Therrien, B.; 
Deschenaux, R. Designing Supramolecular Liquid-Crystalline Hybrids from Pyrenyl­
Containing Dendrimers and Arene Ruthenium Metallacycles. Journal of the American 
Chemical Society 2014, 136 (50), 17616-17625. 
(SS) Awuah, S. G.; You, Y. Boron Dipyrromethene (BODIPY)-Based Photosensitizers for 
103 
Photodynamic Therapy. RSC Advances 2012, 2 (30), 11169. 
(56) Zhao, J.; Wu, W.; Sun, J.; Guo, S. Triplet Photosensitizers: From Molecular Design to 
Applications. Chem. Soc. Rev. 2013, 42 (12), 5323-5351. 
(57) Zhong, Y.; Si, L.; He, H.; Sykes, A. G. BODIPY Chromophores as Efficient Green Light 
Sensitizers for Lanthanide-Induced near-Infrared Emission. Dalton Transactions 2011, 40 
(43), 1 1389. 
(58) Ryu, J. H.; Eom, Y. K.; Bunzli, J.-C. G.; Kim, H. K. Ln(iii)-Cored Complexes Based on Boron 
Dipyrromethene (Bodipy) Ligands for NIR Emission. New Journal of Chemistry 2012, 36 
(3), 723. 
(59) De Bettencourt-Dias, A.; Barber, P. S.; Bauer, S. A Water-Soluble Pybox Derivative and Its 
Highly Luminescent Lanthanide Ion Complexes. Journal of the American Chemical Society 
2012, 134 (16), 6987-6994. 
(60) Ziessel, R. F.; Ulrich, G.; Charbonniere, L.; Imbert, D.; Scopelliti, R.; Bunzli, J. C. G. NIR 
Lanthanide Luminescence by Energy Transfer from Appended Terpyridine­
Boradiazaindacene Dyes. Chemistry -A European Journal 2006, 12 (19), 5060-5067. 
(61) Xiao, C. L.; Wang, C. Z.; Yuan, L. Y.; Li, B.; He, H.; Wang, S.; Zhao, Y. L.; Chai, Z. F.; Shi, W. 
Q. Excellent Selectivity for Actinides with a Tetradentate 2,9-Diamide-1,10-
Phenanthroline Ligand in Highly Acidic Solution: A Hard-Soft Donor Combined Strategy. 
Inorganic Chemistry 2014, 53 (3), 1712-1720. 
(62) Yogo, T.; Urano, Y.; lshitsuka, Y.; Maniwa, F.; Nagano, T. Highly Efficient and Photostable 
Photosensitizer Based on BODI PY Chromophore. Journal of the American Chemical 
Society 2005, 127 (35), 12162-12163. 
(63) Wan, C. W.; Burghart, A.; Chen, J.; Bergstr??m, F.; Johansson, L. B. ??; Wolford, M .  F.; 
Kim, T. G.; Topp, M. R.; Hochstrasser, R. M.; Burgess, K. Anthracene - BODIPY Cassettes: 
Syntheses and Energy Transfer. Chemistry - A  European Journal 2003, 9 (18), 4430-4441. 
(64) Ziessel, R.; Ulrich, G.; Harriman, A.; Alamiry, M. A. H.; Stewart, B.; Retailleau, P. Solid-
104 
State Gas Sensors Developed from Functional Difluoroboradiazaindacene Dyes. 
Chemistry - A  European Journal 2009, 15 (6), 1359-1369. 
(65) Sun, Z. B.; Guo, M.; Zhao, C. H. Synthesis and Properties of Benzothieno[b]-Fused BODIPY 
Dyes. Journal of Organic Chemistry 2016, 81 (1), 229-237. 
(66) Banuelos, J.; Arbeloa, F. L.; Arbeloa, T.; Martinez, V.; Arbeloa, I. L. BODIPY Laser Dyes 
Applied in Sensing and Monitoring Environmental Properties Content : Chromic 
Materials, Phenomena and their Technological Applications 2012, 641-677. 
105 
a 
BODIPY-AH 1 .00 1 .esp 
d r <D N .....: CH., c H.,C 
1 0-:l I 
0.9 
0.8J I H3c)L_\ N t=\ "' �CH3 _I - e 
0.7-:I I F-B,N� F \ \ 
0.6-:t I CH3 CH3 




r C'i 0 .3-:I � I 0 .2-:I "° v 
<D -q- � :::: O> ""' �  ..,; . co ,.._ ";- I 0 . 1  co� ..... 
0 
1 06 1 05 1 .09 2.00 6.02 6.09 
LI LI u LI bJ bl 
Ii I I I I I I I I' I I I' I I I I I' I I I I I I I Iii I I I I I I I I I' i I I I' I I Ii I' I I I I I I 1 i I I I I I I I I Ii I I I I I Ii 1 
9 8 7 6 5 4 3 2 1 0 
Chemical Shift (ppm) 
Appendix I: 1H NMR Spectrum for AH2 (BODIPY-AHl) 
AH401.001.esp � e � f p df N � 1 .0-:l <O U) c <'i 
0 9� 
§ N ..., 0.8 
0.7 






..,- N  
0.2-i � !:'.::: � U)  .� - � r-- r--: 
r--: ' =l -, -0 1 
0 
l .---� ( \ �  1 02 1 02 1 03 1 .00 1 01 1 .00 2 00 6.09 6 . 1 0  
u bJ bJ 61 61 LJ bJ bJ bd 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I If I' I I I I Ii I I I Ii I I I I I I I I I I I I I I I Ii I Ii I I I I I I I I I I' I I 
8 7 6 5 4 3 2 1 0 
Chemical Shift (ppm) 


















3-Quinoline BODI PY Sample 2.001 .esp � 
� 
I 
YJ � r l0 � 83  ,..._ • I() <P r-.: � "!  CD N (' \ ,..._ ,..._ I �1 ;r',-' 
.-J .... 1...-.., 
,..._ 
I 
1 05 1 01 1 18 2 08 1 17 
bl bd bl bd Id 










/ "F F 
5 4 
















4-Quinoline BODIPY New.r-11.esp 
1 o-:i 
0.9-=I 























1 .09 1 .07 1 .03 1 . 1 4 1 1 5 1  05 
LI LI IJ LI LI IJ 
'lXJd � g � � e � b I 00 \ r I � 







1 .99 6 01 6 08 
bJ w bJ 
I I I I I I I I I I I I I I I I I I' I I I I I I' I I I I I I I I I I I I I I I' I I I I I I I I I I Ii I Ii Ii I I I I I I I I I Ii I I Ii I I I I I I I I I I I I' I I, I 
9 8 7 6 5 4 3 2 1 0 
Chemical Shift (ppm) 






























, a  
H _  ,A 
, 
.--:;:::. N ""-.. / N 
/B"-. 
F F 
� b �H 
� 
c 2 .... C'i �sl I 




l �  
_... ...,;;-
5 86 3 09 6 01 6.04 
L...J L.J u L..J I I I' I I I I I I Ii I I I Iii I I I' ii I I Ii I I Ii I I I I I I I I I' •• I I I' I I I I I I I I I' I I I I I I I I I I I I I Ii' I I I I I I I 
8 7 6 5 4 3 2 1 0 
Chemical Shift (ppm) 
Appendix V: 1H NMR Spectrum of AH7 (Mesita-BODIPY AHSOO) 
0 7 � 
0 6 .:] 
i ° s 1 
.E 0 4 



















H...,. .A. ...,H 
� \ � d 
�N ".. /N B 
F/ "F e 
I 








6 073 04 6.03 
L..J L..J L...I 
5 4 3 2 












iodonatsd BOOlrnzoc acid AH502.0:1.esp 
� �· 
0 25 -l 
>-
.t: 






a; 0 15 E 0 
z 








� H H 
I . � 
I ' \  I I d 
...--;:::N'-._ /N 'fl 
I ;) 8" 
h F/ F g 
� 








\ OH � � 
� N H H I 
� � � §; M C'li 
N I I .,..: "': {O I I ("  
N .  1? 
·-�....:::- ,, . ._ 
2.70 2.873 OJ 6.05 3 14 J 16 
1..1 L..I L..J L...J u u 
I I I I I I I I I I I I I I I I I' I I I I I I I I I I Ii I I I I I I I I I I I I I I I I'', I I'' I I I I I I I I I I I I 
8 7 6 5 4 3 2 
Chemical Shift (ppm) 










::;; 0 25 ., 
N 
ti 


















� I i 
H I 
l � 
5' I ,,..,.... 
- :.r - .:;: " n� 31 6 09 6 1'" 
L-J u 1.-1 u 
5 4 3 2 
Chemical Shrft (ppm) 




� c Q) 
0 1 0 
£ 0 07 
]i "' § 
:z 
0 
AH11 New NMR.001.esp 
9 
lji 
p �� I 
� ��ri 
N ..- � c.0  r <">' <O � � <D �l� � � � 00 "'  "' ,._ ,._ 
...,. � 





1 .04 1 . 1 0  1 .03 2 05 4.032. 1 4  2 1 3  1 97 0 63 2 32 
u u u bJ ld bl  u IJ u u 
8 7 6 
NH2 
0 
5 4 3 







� I'  






3 05 5.636 02 3 00 3 05 
u l,J bl l,J u 
2 
Appendix IX: 1H NMR Spectrum of AHll 
r 
0 
